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Abstract :
A method has been developed for bromination of aromatic compounds in 
aqueous solution in an isoperibol calorimeter. The enthalpies of 
bromination of phenol to 2,4,6-tribromophenol and of aniline, 2-bromo- 
aniline, 4-bromoaniline and 2,4-dibromoaniline to 2,4,6-tribromo- 
aniline were measured using this method. These values were used to 
derive the standard enthalpies of formation of 2,4,6-tribromophenol, 
2-bromoaniline, 4-bromoaniline, 2,4-dibromoaniline and 2,4,6-tribromo- 
aniline. The enthalpies of combustion of 2,4,6-tribromophenol and
2,4,6-tribromoaniline were measured using a rotating-bomb calorimeter. 
These values were used to derive the standard enthalpies of formation 
of 2,4,6-tribromophenol and 2,4,6-tribromoaniline. The discrepancy 
between these latter standard enthalpies of formation and those found 
using the solution calorimetric method is discussed, and possible 
sources of systematic error indicated.
The solution calorimetric method was adapted for the thermometric 
titration of phenols in aqueous solution with an aqueous solution of 
bromine. The sequential nature of bromination of five compounds - 
phenol, 2-bromophenol, 2-methylphenol, 3-methylphenol and 2-hydroxy- 
benzoic acid - was investigated using this technique. The reasons for 
this sequentiality are discussed.
abstract continued overleaf
A complete data-processing system has been designed for the solution 
calorimeter. A microcomputer is used for data acquisition from the AC 
bridge of the calorimeter through an analogue-to-digital interface. 
The bridge voltage readings, once uploaded to a minicomputer, are 
processed to yield the corrected temperature change. Enthalpies of 
reaction can then be calculated and statistical analyses performed. 
The problems encountered in developing the system are discussed, 
especially with regard to the calculation of the corrected temperature 
change from the noisy temperature data. A least-squares cubic spline 
is used for curve-fitting and calculation of the first derivative of 
temperature versus time.
The author is indebted to many people amongst whom the following must 
be mentioned:
Dr. A. Finch for his help and encouragement over the last four years. 
Dr. G. Pilcher for much assistance in performing the combustion 
measurements. Dr. P. J. Gardner for helpful discussions and especially 
Mr J. Turner for blowing all those ampoules.
The author apologises to those readers who regard the word 'data' as 
plural, as is strictly true. However, in this work, in order to 
maintain compatibility with many contemporary publications, it is 
regarded as a collective noun and therefore singular.
Throughout the work, enthalpies refer to 298.15K and 101325 Pa.
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C H A P T E R  O N E  
I N T R O D U C T I O N
Since the beginning of the last century, there have been many studies 
of halogénation of activated aromatic compounds. The kinetics and 
mechanisms of these reactions have been extensively investigated (1). 
Synthetic routes to these compounds abound (2,3,4) and their spectro­
scopic characteristics are well-known. In contrast, little thermo­
dynamic data has been published for halogenated aromatic compounds
(5.6) .
For halogenated compounds as a whole, the vast majority of thermo­
dynamic work has been on alkanes and alkenes. Other groups studied
(5.6) can be listed:
benzenes 
alkylbenzenes 
benzenediols 
benzoyl halides 
benzoic acids 
nitrobenzenes 
biphenyls 
aryl isocyanates 
benzaldehydes 
phenols 
anilines
In all these groups only a few compounds have been studied, mostly 
chlorine-substituted derivatives and rarely beyond the mono- 
halogenated stage. All the data for phenols and anilines has been 
obtained by combustion calorimetry. Enthalpies of formation are 
available for the three monochlorophenols (7) and for pentachloro- 
phenol (8). Enthalpies of combustion of 3- and 4-chloroaniline (9) and
alcohols
aldehydes
ketones
carboxylic acids
esters
ethers
acyl halides
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enthalpies of formation of the three monochloroanilines have been 
published (10). The three monoiodophenols have been combusted in a 
static bomb (11) and pentafluorophenol in a rotating bomb (12). No 
data since 1930 has been found for brominated phenols or anilines, and 
none for similar brominated compounds such as cresols, toluidines and 
dihydroxybenzenes, although chlorobenzenediols have attracted some 
interest (7). The object of this study was to obtain some thermo­
dynamic data for brominated phenols and anilines.
The most common method of study of halogenated compounds is, as 
already indicated, by combustion. This may be surprising as, unlike 
CHNO compounds which combust to carbon dioxide, water and mostly 
nitrogen, in general the halogen in these compounds does not convert
to one simple product (13,14). Under bomb conditions only iodine-
containing compounds by themselves give rise to a well-defined end- 
state, the iodine being converted completely to elemental iodine; no 
other iodine products have ever been found. For fluorine compounds, 
the fluorine is mostly obtained as hydrogen fluoride, although, if the 
compound has little hydrogen in relation to fluorine, tetrafluoro-
methane can be produced. It is possible to suppress this by use of an 
auxiliary combustant high in hydrogen. Chlorine and bromine compounds
produce a mixture of halogen and halide with the latter predominating
for chlorine compounds and the former for bromine compounds. For these 
compounds, it has always been arranged that the free halogen produced 
be reduced to halide. The birth of this technique for chlorine-
containing compounds was in the last century when Marcelin Berthelot 
(15) used an arsenious oxide solution in the bomb to reduce the 
chlorine to chloride. In this century, combustion of chlorine
compounds has been performed in the normal static bomb. The construc­
tion of the bomb, based on the need to contain the high pressures 
necessary for clean combustion, made it impossible to effect stirring
of the bomb contents. Techniques were introduced, with some success, 
to aid the reduction reaction by use of quartz spirals and glass 
matting to increase the liquid surface area (7). The method used for 
chlorine compounds, relying on the elements volatile nature, could not 
be extended to bromine compounds since the complete reduction of the 
liquid bromine produced cannot be guaranteed. However, with the 
development of the moving bomb, which began in 1933, the combustion of 
bromine compounds became possible (16,17) . The movement of the bomb 
allowed complete mixing of its contents. An oscillating bomb was the 
first type to be built (16); other trials were performed at Lund on 
moving and rocking bombs (18) and combustion of bromine compounds was 
started (19). In 1954, continuous two-axis rotation was used (20,21) 
and this has now become the usual method of operation. The technique 
has now been shown to give good results when comparison is made with 
other calorimetric methods (18,22,23,24,25). However, there are draw­
backs to the technique which offset its general applicability. 
Firstly, there is the need for such specialised equipment. Secondly, 
most compounds have to be combusted with an auxiliary substance such 
as a hydrocarbon oil in order to promote combustion. This means that a 
significant proportion of the heat evolved comes from the oil and in 
an extreme case such as tetrachloromethane (26), only 10% was produced 
by combustion of the compound studied. This fact inevitably limits the 
quality of the measurements. Thirdly, a problem which is common to all 
combustion calorimetry is that extensive corrections are needed to 
obtain the enthalpy of combustion. This figure, which is almost always 
large, is then compared with the sum of the enthalpies of formation of 
the products, which is another large figure, and the small difference 
between the two gives the enthalpy of formation of the compound. This 
may also lead to diminution of the accuracy of the result.
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The alternative to combustion is some form of reaction calorimetry 
(5). For halogen compounds, five distinct types of method have been 
used :
Halogénation e.g. by NFg 
Hydrohalogenation of unsaturated compounds 
Dehalogenation e.g. by Na, K, H^
Hydrolysis of activated halogens 
Equilibrium measurements 
For aromatic compounds, electrophilic aromatic substitution by 
halogens is attractive. The reaction is straightforward in general 
(2,3,4), with reaction of bromine and parent aromatic compound e.g. 
phenol or aniline in this case. It would most probably be carried out 
in solution and ideally the solvent would be water because of the 
large amount of data available for this solvent (27). Vapour-phase 
reaction is another alternative (81) but is less attractive. The only 
other possible reaction method is dehalogenation but this usually 
requires rather extreme conditions.
There are specific requirements that a reaction must meet for it to 
be suitable for solution calorimetry. These requirements mean that 
although a compound may be synthesised by a particular method without 
much trouble, the reaction conditions may be unsuitable for the 
measurements to be made in a solution calorimeter. Ideally the 
reaction should start with well-behaved reactants and proceed to 
defined products rapidly (less than ten minutes). This last condition 
is necessary when using an isoperibol calorimeter because of the 
increased accuracy obtained in calculation of the temperature change 
for short reaction periods. In addition, the reactants should be 
sufficiently soluble to be able to produce a large enough temperature 
change for measurement.
In order to assess how well bromination of phenol and aniline meet
11
these requirements, an extensive literature search was carried out. 
This necessitated coverage back to the early nineteenth century when 
phenol (28,29), aniline (30,31,32) and bromine (33) were discovered 
and first reacted (29,34).
Most phenols and anilines are quite stable compounds although aerial 
oxidation does occur (35,36) especially with anilines. In both types 
of compound, the products of oxidation are highly-coloured poly- 
aromatic compounds.
Before looking at the reactions, it must be noted that, when bromina- 
ting in aqueous media, the solution rapidly becomes acidic because of 
the hydrobromic acid produced. From a thermochemical point of view, 
starting with an acidic solution is, in any case, desirable since this 
suppresses the hydrolysis of bromine and so simplifies the initial 
state with bromine present only as molecular bromine and inevitably 
some tribromide ion. This acidity can affect the speed and course of 
bromination.
Phenol and aniline brominate at the ortho and para positions in 
aqueous solution. Meta substitution has never been observed without 
the use of catalysts and forcing conditions (37,40,49) . For phenols 
both the phenol and phenoxide ion are brominated (38) but since the 
solution will almost certainly be acidic and dissociation constants of 
phenols are small (39), only bromination of the undissociated phenol 
will be important. The difference in rates of successive brominations 
of phenol means that pure isomers are not obtained under these 
conditions. Addition of one equivalent of bromine leads to almost 
quantitative monobromination, but a mixture of isomers is obtained, 
commonly about 90% 4-bromophenol and 10% 2-bromophenol (40,41,43). 
Addition of two equivalents of bromine produces only about 70% 2,4-di- 
bromophenol (42). Very little 2,6-dibromophenol is produced. The
2,4,6-tribromo isomer is produced on addition of three equivalents of
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bromine (43,44,45), but bromination can continue in many phenols to 
produce a dienone compound (46,94); for phenol this is 2,4,4,6-tetra- 
bromocyclohexa-2,5-dienone (47,48). Meta substitution at the tribromo 
stage is even more unfavourable than for phenol because of the deact­
ivating effect of the bromine substituents.
For aniline, the situation is complicated by the fact that only the 
free base undergoes substitution. This fact, coupled with the produc­
tion of hydrobromic acid by the reaction, and the rapid equilibration 
between the small amount of free base and protonated form in acidic 
solution, means that the formation of the 2,4,6-tribromo isomer can 
occur almost immediately on addition of bromine (45,49,92). Yields of 
singly and doubly substituted isomers never exceed 50% under these 
conditions. Again, meta substitution at the 2,4,6-tribromo stage is 
even more unfavourable than for aniline.
It seems, therefore, that for measurements to be made, that the most
likely route is always to brominate to the 2,4,6-tribromo isomer. For 
instance, phenol could be brominated to 2,4,6-tribromophenol to obtain 
its enthalpy of formation, then 2-, 4-, 2,4-di- and 2,6-di-bromophenol 
could be brominated to the same product to obtain their enthalpies of
formation. This assumes, of course, that conversion to this product is
quantitative and there is enough evidence in the literature to suggest 
that this is achievable.
Bromination has been used for quantitative analysis of phenols. It 
was first proposed for this in 1871, gravimetric analysis of the 
tribrominated product being used (50), the reaction having been known 
for about 40 years. Interest in this period had been only in synthetic 
studies and investigation of the nature aromatic compounds. The 
gravimetric method was cited on three other occasions (51,52,53) for 
phenol indicating quantitative conversion to solid 2,4,6-tribromo­
phenol. In 1876 the titration method was introduced (54); this has
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been used many times with frequent modification (55) . In this method, 
excess bromine is added to an acidic solution of phenol by way of an 
alkaline solution of bromate and bromide. Once in an acid solution, 
the bromate oxidises the bromide to bromine, which then reacts with 
the phenol. The excess bromine is reduced with iodide and the iodine 
released is titrated with a thiosulphate solution. However, the iodide 
will also decompose any dienone formed by bromination (56), so that 
the results obtained in this way cannot be used to indicate 
quantitativeness.
There has been argument about the formation of the dienone and its 
effect on the results obtained by bromination (57,58,59,60) especially 
when using the gravimetric method. Thorough investigation of the 
method settled this (61,62) and suggested which conditions minimised 
its formation. These were low bromine excess and high concentration of 
bromide and acid. Part of the problem was that the structure of the 
dienone was not known (63). Evidently it was not tetrabromophenol 
since the fourth bromine was easily recovered. Both hypobromite and 
quinonoid structures were proposed. This latter structure was proved 
to be correct using spectroscopic (64,65) and isotopic labelling (66) 
techniques. Usually formation of these dienones is an equilibrium 
process (46) and so its formation can be reversed. For phenol, the 
dienone is hardly soluble in water so that, although produced in an 
equilibrium, precipitation would prevent further participation and 
would lead to a lowered yield of 2,4,6-tribromophenol. The use of low 
bromine excess and high concentrations of bromide and acid help to 
keep the equilibrium away from formation of the dienone.
These methods have been used much less for anilines (67-74) although 
quantitative conversion to 2,4,6-tribromoaniline is indicated.
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Table I. Best literature data for yields of the solid tribromo 
derivatives of phenol and aniline.
Compound Yield/% of expected
Phenol 98.8 (50), 99.3 (50), 99.7 (45)
Aniline 100.3 (45), 95.1 (74), 98.8 (75), 99.6 (76)
The speed of these reactions is, in general, very great (1) and can, 
with some compounds, approach the diffusion-controlled limit in 
aqueous solution. This is partly because of the increased reactivity 
of bromine in water resulting from its polarisation. In addition, 
certain groups activate the benzene ring to electrophilic substitution 
by increasing the electron density on the ring. This occurs to the 
greatest extent at the ortho and para positions, mostly by the 
resonance effect. Alkyl and aryl groups do this to some extent but the 
solubility of these compounds in water is not great. Oxygen-containing 
groups, OH, 0", OR, OPh and nitrogen-containing groups NH^, NR2, 
NHCOCHg activate the ring markedly and also have much increased
solubility in water. With these groups, substitution by bromine of
entities other than hydrogen can occur, viz. decarboxylation, decarb- 
onylation, desulphonation, dealkylation, deboronation, desilylation.
Most of the kinetics performed on phenols and anilines this century 
has been by three groups of workers (77). One study divided aromatic 
compounds into four groups according to their speed of chlorination
and bromination (78). The fourth group, hydroxy and amino compounds
were reported to brominate instantaneously. Another series of studies 
measured the relative rates of bromination of many aromatic compounds 
including phenol and aniline in aqueous solution by competition
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experiments (45,79). However, none of this kinetic data, much of which 
has been measured in solvents other than water, is really helpful in 
selecting conditions which will allow bromination at a fast enough 
rate for the calorimeter: it merely shows that the reactions tend to 
be fast.
Many other solvents, mainly organic, have been used for bromination 
reactions. The choice is limited by the reactivity of bromine but 
glacial acetic acid, chloroform, tetrachloromethane and carbon 
disulphide are commonly used. They are used in preference to water 
because of the much increased solubility of the products in these 
solvents compared with water. However, usually only monobromination is 
achieved because of the decreased reactivity of bromine. Further 
bromination necessitates longer reaction times or the presence of some 
water (80). Also the solvents' resistance to attack by bromine may be 
sufficient for synthetic work but not for use in a calorimeter. 
Another disadvantage of these solvents is the lack of ancillary data.
As mentioned earlier, an alternative is vapour-phase reaction. This 
leads to the same products as aqueous bromination and rates seem to be 
good, but choice of such a method would require a special calorimeter 
and, most probably, high temperatures (81). Reactions have been 
performed with bromine vapour and solid phenol (82) but it is very 
difficult to imagine this being feasible for calorimetric measurements 
to be made easily by this method.
The use of other brominating agents ( there are many ) was rejected 
because of the need in these cases for extra measurements to be made. 
No such measurements are necessary for bromine because of its 
elemental nature.
It seemed that the use of bromine in aqueous solution was the most 
promising method for the measurement of enthalpies of formation by the 
reaction scheme already proposed. Precise conditions suitable for
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performing the reactions in a solution calorimeter had yet to he 
formulated. Indeed such a method had been used already in the last 
century to measure the enthalpies of bromination of some phenols (83, 
84,85,86) viz. phenol, catechol, resorcinol, orcinol, quinol, pyro- 
gallol and phloroglucinol. It is suggested that results obtained 
before 1930 must be regarded as of historical interest only (5). In 
addition, in this case the knowledge of the reactions was not complete 
at that time. Even so, the results, where obtained by different 
methods, show great consistency; for phenol (83), they are summarised 
in the diagram. Not many details are given but a summary of the 
findings which were published can be made: It was reported that direct 
reaction to give mono- or di-bromophenol did not give reliable results 
because of the formation of other minor products. For both of these, 
the sodium salt was dissolved in water and aqueous bromine was added 
to produce solid tribromophenol. Bromination of aqueous phenol was 
tried with liquid bromine. The reaction was found to be slow and 
produced a secondary product. Use of bromide in the solution made the 
reaction faster and cleaner. A better method was to have both phenol 
and bromine dissolved in water. Most measurements were made using this 
procedure. Finally, an aqueous solution of the sodium salt of phenol 
was reacted with aqueous bromine. Corrections were made for the 
neutralisation of sodium hydroxide and sodium phenoxides. Results were 
also reported for the reaction of solid phenols and bromine vapour, 
but no experimental details were presented (83).
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Diagram. Summary of enthalpies of bromination and neutralisation 
measured by Berthelot and Werner (83).
CgH50H(aq)- -31.1
1 -93.61 -109.7% 
BrC^H40H(c)- 
-186.71 
\|r -194.0%
Br2CgH30H(c)--
-287.0%
-286.7
4CgH30Na(aq) 
-313.5
-18.5 ■^ BrCgH40Na(aq) 
-216.1
-20.3 4Br2C^HgONa(aq) 
-130.4
Br3C6H20H(c) »[NaOH(aq)+HBr(aq) »NaBr(aq)+B20(l)]
Figures are in kJ/mol, converted from the original calories using the 
4°C calorie = 4.2045 J, and were measured at 10-15°C. Other reactants 
and products e.g. bromine which are required but not shown, were 
present in solution in the correct amounts.
1 Direct bromination to impure or mixed products.
% Figures derived by way of the sodium phenoxides.
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Berthelot and Werner's results show that the enthalpy of bromination 
is very large, being of the order of 100 kJ/mol per substitution. An 
adequate temperature rise for measurement of about 0.1®C is produced 
by the release of 50 J in a 100 cm% vessel. This would mean that, for
phenol, bromination of 16 mg would be sufficient. This amount can
certainly be dissolved in 100 cm% of water. It is a fairly small
amount to weigh in an ampoule on a semi-micro balance. At this
concentration the mono- and di-brominated compounds will remain in 
solution. 56 mg of 2,4,6-tribromophenol should be produced, 7 mg of 
which would stay in solution according to the published solubilities 
(87). It would be best to arrange for all the product to be obtained 
in the solid state by presaturating the medium.
The outlook for use of an aqueous solution to measure enthalpies of
bromination was promising, but the precise conditions to enable 
accurate measurements to be made had still to be found. This process 
is detailed in Chapter Two, mainly in chronological sequence. With the 
conditions chosen, five compounds were brominated in an isoperibol
calorimeter. These were phenol, aniline, 2-bromoaniline, 4-bromo­
aniline, and 2,4-dibromoaniline. Standard enthalpies of formation of 
the last three compounds, 2,4,6-tribromoaniline and 2,4,6-tribromo­
phenol were derived. The experimental conditions and the results 
obtained are given in Chapter Three. In addition, for comparison, the 
two tribromo-compounds were combusted in a rotating bomb calorimeter. 
This work is described in Chapter Four.
In the discussion of bromination of phenol, it was noted that
addition of one or two equivalents of bromine to phenol did not lead
to pure mono- or di-bromination respectively when the full amount of 
bromine was present at the start of the reaction. However, when
addition of bromine is performed slowly it has been noted that the
reaction is to a large extent sequential. One method of addition is by
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the bromate reaction (45,88), This can be made to release bromine 
fairly slowly, but the release is always of an exponentially 
diminishing nature so that the release is greatest at the start. A 
much better way is by titration. In most cases this has been performed 
by electrochemical generation of bromine from bromide ions (89,90,91, 
93,95,96). The method has been used on many occasions to investigate 
the kinetics of bromination. The bromate method was used to invest­
igate relative rates of bromination of a large number of aromatic 
compounds in water by competition experiments (45,79). Some data is 
also given indicating sequentiality of bromination of some phenols by 
way of product studies. The electrochemical method has been used in 
the study of the products of bromination of phenol in acid solutions 
(91). It was noted that one equivalent of charge leads to the 
formation of 4-bromophenol, and two equivalents mainly to 2,4-di- 
bromophenol. 2,4,6-tribromophenol was not formed below one equivalent 
of charge. It was hence thought that thermometric titration might be 
an appropriate technique for the investigation of bromination of 
phenols in view of the highly exothermic nature of the reactions. To 
do this the solution calorimeter method was modified so as to be 
suitable for the addition of aqueous bromine to an aqueous solution of 
a phenol. Sequential bromination under these conditions was invest­
igated in five phenolic compounds, these being phenol, 2-bromo­
phenol, 2-methylphenol, 3-methylphenol, and 2-hydroxybenzoic acid. 
Details of this work are given in Chapter 5. The results from the 
three types of calorimetry are summarised and discussed in Chapter 6 .
The solution calorimeter results mentioned above were obtained using 
hand-calculation of the corrected temperature changes from potentio- 
metric chart recorder traces. The acquisition of new equipment made 
automation of these calculations possible. The development of the 
facilities necessary for this is given in Chapter Seven.
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C H A P T E R  T W O  
D E V E L O P M E N T  O F  T H E  S O L U T I O N  
C A L O R I M E T R I C  M E T H O D
The first stage in the measurement of the enthalpies of formation of 
brominated phenols and anilines by solution calorimtery was investig­
ation of the bromination reactions with a view to defining appropriate 
conditions. Important characteristics were (i) the stoichiometric and 
thermodynamic definition of the end-state i.e. quantitativeness (ii) 
the solubility of the reactants and products (iii) the speed in
aqueous solution at 25®C and (iv) the expected magnitude of the 
enthalpy of reaction.
Bench experiments
Work was started with the tribromination of phenol in aqueous
solution and only later extended to aniline since there was less
difficulty expected with the bromination of aniline and a method with 
the most general applicability possible was desirable.
Initial investigations using bromine water and phenol in solution
confirmed the high speed of the reaction, apparent completion being 
achieved in about 30 seconds. Enough heat was evolved from the
reaction to observe a rise of about 3°C on a thermometer when using 
0.07 mol/dm* phenol with excess bromine. This is consistent with the 
known approximate enthalpy of reaction (83). Two problems were
immediately apparent. Firstly, use of bromine water was not desirable 
because of the large vapour pressure of bromine. Secondly, the solid 
obtained was not pure white as expected but was a buff colour which is 
characteristic of a mixture of 2,4,6-tribromophenol and 2,4,4,6-tetra- 
bromocyclohexa-2,5-dienone when produced in aqueous solution. The pure 
dienone is lemon-yellow in colour when freshly prepared (97). Attempts
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were made to reduce the excess of bromine to only a few percent in the 
hope of minimising the formation of the dienone; this improved the 
product, the best sample having a melting range of 87-88®C compared 
with 94°C for pure 2,4,6-tribromophenol (98). In order to suppress 
further the formation of the dienone, it was decided to try use of an 
aqueous solution containing acid and bromide. The bromide also helps 
to retain the bromine in solution and the acid to prevent hydrolysis 
of the bromine to hypobromite. When a reaction was carried out by 
addition of phenol ( 0.16g) to 100 cm% of an aqueous solution of 
potassium bromide ( 12.Sg ) and hydrochloric acid ( 4.8g, 10 cm% 36% 
HCl ) with a 4% excess of bromine, an 88% yield of 2,4,6-tribromo­
phenol was obtained after allowing for an assumed solubility of the 
compound of 0.07 g/dm% in water (87). When dried, the melting range of 
the product was 90-93°C. It was noted that the reaction was 
considerably slower in the presence of bromide, apparent completion 
being achieved in about 5 minutes. This reduction in the speed of 
reaction, in comparison with bromide-free solution, is simply a 
consequence of the conversion of most of the free bromine to tri­
bromide ion.
The next modification was to make the bromine in solution by 
oxidation of some of the bromide with potassium bromate. This reaction 
also requires high concentrations of acid and bromide,
BrOg "(aq) + 5Br"(aq) + 6H^(aq) -> 3Br^(aq) + 3H20(1) 
and allows easy handling of bromine and good control of the excess of 
bromine.
The reaction was repeated using a solution of phenol ( 0.094g, 0.001 
moles ) in 250 cm% of water containing various amounts of acid and 
bromide. The reaction was initiated by addition of bromate. Stirring 
was continued for 15 minutes, after which the precipitate was 
collected on a sintered glass crucible, and was washed with water
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until the filtrate was no longer acidic. The solid was then dried, and 
the melting range measured. The results obtained are displayed in 
Table II.
Table II. Results of tribromination of phenol in aqueous 
solution with bromine made by addition of potassium bromate.
Excess of Volume of Weight of Yield of Melting range 
bromine/% 36% HCl/cm% KBr/g 246TBP/% of 246TBP/®C
1 4 1 96 92-93
1 10 5 95 92-93
2 10 1 98 93-94
2 10 10 97 92-93
2 4 10 97 93-94
2 4 1 97 92-93
4 10 5 95 93-94
6 10 5 96 93-94
An estimate was made of the amount of product lost in collection, 
excluding that lost in saturation of thé solution before precipit­
ation. The products obtained using higher excess bromine were found to 
be slightly pinkish in colour, probably some oxidation having occured; 
otherwise there seemed little to choose between the different 
conditions.
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In order to obtain all the product as a solid, a reaction was tried 
using a solution saturated with 2,4,6-tribromophenol. Presaturation 
was also attractive from a thermochemical point of view since it makes 
it unnecessary to measure the enthalpy of solution of 2,4,6-tribromo­
phenol. This latter quantity is of the order of +30 kJ/mol (99) and 
so, even with the low solubility of the compound in water, is signifi­
cant. The accurate measurement of the enthalpy of solution in this 
case would be impossible because of the low solubility and extremely 
slow dissolution of this compound in water. The medium chosen was 
phenol ( 0.094g, 0.001 moles ), potassium bromide ( Ig ) and hydro­
chloric acid ( 4.8g, 10 cm^ 36% HCl ) in 100 cm% water; a 2% excess of 
potassium bromate was added to initiate the reaction. Two trials gave 
94% and 97% yields with melting ranges of 92.5-93°C and 92-93°C 
respectively. The loss in transfer was again estimated to be 1-2%. 
Clearly the reaction was giving the correct product but what was 
needed was development of appropriate analytical methods. Since the 
medium was high in acid and bromide, it was not feasible to measure 
the hydrobromic acid produced in the reaction. The only other methods 
open were, therefore, measurement of the remaining bromine and 
quantitative analysis of the brominated product, most simply by a 
gravimetric procedure.
Collection of the solid product was made quantitative by dissolution 
of the precipitate on the filter and that remaining in the reaction 
flask with methanol. This solution and the washings were collected in 
a weighed sample tube and the solvent removed by evaporation. When a 
similar quantity of solvent was evaporated alone, it was found that 
there was a negligible residue.
The excess bromine could not be measured by addition of excess iodide 
and subsequent titration of the iodine so released because the iodide 
also reacts with any dienone formed. Instead, the excess can be
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measured as the tribromide ion (100) . The extinction coefficient of 
this ion is very large ( = 11000 dm^/mol/cm ). The wavelength
chosen to measure the absorbance was 330 nm since the aromatic 
compounds used here do not absorb in this range, and the absorbance of 
molecular bromine is small ( £330 = 25 dm*/mol/cm ) but that of the
tribromide ion is still large ( = 1200 dm^/mol/cm ) although it
is in the tail of the 270 nm band. The absorbance at this wavelength 
was found to follow the Beer-Lambert law in the range 0-0.0008 mol/dm* 
total bromine. The method is good since a small excess is being 
measured by a large absorbance. However, it was found that bromine was 
lost fairly readily from the filtrate, the loss amounting to 10-50% of 
the 2% excess. In an attempt to minimise this loss, a reaction vessel 
with a small vapour space was tested. The following experiment was 
carried out in quadruplicate: Potassium bromate was introduced by way 
of a glass ampoule into 100 cm^ of a solution containing phenol ( 0.01 
mol/dm* ), potassium bromide ( 0.10 mol/dm* ) and hydrochloric acid ( 
0.70 mol/dm* ). The reaction mixture was stirred for 15 minutes. The 
precipitate was then collected on a sintered glass crucible and this 
and the reaction flask were rinsed with water to remove any acidic 
salt solution remaining. Methanol was then used to rinse the flask and 
wash the precipitate on the filter into a weighed sample tube. The
solvent was evaporated by heating the tube on a 60®C water bath. The
residue was dried to constant weight, and the melting range was 
measured. Evaporation of the solvent alone showed a residue of 0.0067 
g/dm®; 25 cm* of solvent was used to collect the precipitate. The 
results obtained are given in Table III. The bromine lost in analysis 
is less for the third and fourth experiments because in these the
filtrate was collected in a 100 cm* rather than 250 cm* conical flask.
i
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Table III. Results of tribromination of phenol by addition of 
potassium bromate to 100.0 cm* of a solution containing phenol ( 0.01 
mol/dm* ), KBr ( 0.1 mol/dm* ) and HCl ( 0.70 mol/dm* ) saturated with
2,4,6-tribromophenol.
Excess of bromine/% 2.17 2.04 2.04 2.08
Yield of 246TBP/% 98.9 98.2 98.6 99.0
Melting range of 246TBP/°C 92-93 92-93 92-93 92-93
Abs. of filtrate at 330 nm 0.692 0.617 0.797 0.744
Extent of reaction from residual bromine/%
-not corrected for loss 100.4 100.5 100.0 100.0
-corrected for loss in analysis 98.6 99.1 99.7 99.9
Although initially the figures for residual bromine appeared satis­
factory, loss of bromine in analysis was again found. The precipitates 
were slightly yellow indicating presence of traces of the dienone, 
possibly because of locally high concentrations of bromine or as a 
result of presaturation of the medium. The low yields were thought to 
be due to the presence of up to 2% water in the phenol.
At this point, bromination of some other compounds was investigated, 
the solutions used having similar composition to those above. 2- and 
4-hydroxybenzoic acid were brominated to 2,4,6-tribromophenol, the 
former giving a yield of 91.6% with melting point 89°C after 1 hour, 
but the latter a yield of 95% with melting range 92.5-93.5°C after 15 
minutes. No correction was made for dissolved product which would 
amount to about 3%. Phenol was tribrominated this time by adding the 
compound ( 0.001 moles ) to 100 cm* of an aqueous solution of hydro­
chloric acid ( 0.7 mol/dm* ) and potassium bromide ( 0.1 mol/dm* )
saturated with 2,4,6-tribromophenol and containing 2% excess bromine
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made from potassium bromate. The yield of product was 97.5%.
It was discovered at this time that bromate can oxidise chloride to 
chlorine in solution under these conditions. Since the solutions used 
so far contained chloride as well as bromide there was a danger of 
chlorination by molecular chlorine; BrCl is used as a brominating 
agent (101) . Hence hydrochloric acid was substituted by perchloric 
acid. This also necessitated the use of the less pure sodium salts 
because of the low solubility of potassium perchlorate in water.
Returning to the main trials, the loss of bromine in analysis still 
being a problem, it was decided that at the end of the reaction a 
large amount of sodium bromide should be added, raising the concent­
ration from 0.1 mol/dm* to 1.0 mol/dm*, in an attempt to hold the 
bromine in solution. This time the bromination of aniline was tried. A 
pure sample of aniline was obtained by fractional distillation under 
nitrogen. The electrical conductivity of the distillate indicated that 
water was not present ( 1.5x10” mho/cm, lit. 2.5x10” mho/cm ) and 
the ultra-violet spectrum that very little oxidation of aniline had 
taken place ( abs. at 400 nm, 0.027 and at 340 nm, 0.198 )(102).
The method used for the tribromination of aniline was as follows: An 
ampoule containing a weighed amount of aniline was broken into 100.0 
cm* of an aqueous solution containing perchloric acid ( 1.0 mol/dm* ) 
and sodium bromide ( 0.1 mol/dm* ) presaturated with 2,4,6-tribromo- 
aniline. A second ampoule containing sodium bromate was broken to 
start the reaction. At the end of the reaction enough sodium bromide 
was added to raise the concentration to 1.0 mol/dm*. For three 
reactions, excess bromine analysis gave results for quantitativeness 
of 100.3, 100.0 and 100.0%. Unfortunately the corresponding results 
obtained by gravimetric analysis of the precipitates gave high results 
( up to 107% ) due to considerable oxidation of the solid mainly 
during the drying procedure. It was realised that this susceptibility
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of 2,4,6-tribromoaniline to oxidation would necessitate drying in an 
inert atmosphere. Subsequently, a check was made on the excess bromine 
analysis and it was found that an equivalent of 0.3% was still lost 
during filtration, so that realistic results would reasonably be esti­
mated as 100.0, 99.7 and 99.7%. Passage of a bromine solution ( 0.0001 
mol/dm* bromine, ca. 95% as tribromide ion ) through a sintered glass 
crucible resulted in a reduction in bromine strength of 15%. 
Therefore, in all subsequent experiments, samples for bromine analysis 
were removed before filtration after allowing the precipitate to 
settle.
Further investigation of other compounds for bromination gave some 
encouraging results: 2-aminobenzoic acid and 4-aminobenzene sulphonic 
acid converted rapidly to 2,4,6-tribromoaniline. Other compounds tried 
were less successful: 4-hydroxybenzaldehyde produced a precipitate
whose melting range agreed with that of 3,5-dibromo-4-hydroxybenz- 
aldehyde and 4-aminobenzoic acid precipitated as 3,5-dibromo-4-amino- 
benzoic acid. Phenolsulphonic acid reacted very slowly and tended to 
form the dienone under these conditions. 4-aminobenzaldehyde was 
unsuitable because it polymerises in acid solution.
Calorimetric experiments
At this point the situation was assessed with regard to choosing a 
method for use in the calorimeter. Three distinct modes of bromination 
were considered.
Method A was the method already employed, whereby solid sodium 
bromate is added to an aqueous solution of the aromatic compound con­
taining perchloric acid and sodium bromide. Ancillary measurements for 
this method would be the enthalpy of solution of the aromatic compound 
and the enthalpy of reaction of the bromate with bromide to produce 
bromine. This method has few advantages except that measurement of
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excess bromine is made easier. The major disadvantages are firstly, 
the high enthalpy of the bromate reaction (103), which would add to 
the error in measuring the enthalpy of bromination, and secondly the 
necessity of measurement of the enthalpy of solution of the aromatic 
compound.
Method B is the addition of the aromatic compound to a solution of 
bromine in aqueous perchloric acid and sodium bromide. This method is 
simple, provided that dissolution of the aromatic compound is fast. 
One disadvantage is that the risk of loss of bromine before the 
reaction is increased with the consequence that the accuracy of 
analysis of excess bromine is reduced.
Method C is addition of bromine, dissolved in an acidic aqueous 
solution nearly saturated with bromide, to a solution of the aromatic 
compound similar to that used in method A. Ancillary measurements
necessary with this method are the enthalpies of solution of the
aromatic compound and of formation of bromine in the saturated bromide 
solution. This latter measurement would present problems if it were 
performed by a direct enthalpy of solution measurement because very 
large quantities of sodium bromide would be needed. Method C was
rejected on these grounds. It was only later that a possible
alternative scheme was thought of for this ancillary measurement. This 
would involve measurement in two stages, firstly of the enthalpy of 
mixing of the two solutions and secondly of the enthalpy of solution 
of bromine in the final solution.
In all three methods, the enthalpy of solution of bromine in the 
medium would have to be measured. It must be noted that addition of 
liquid bromine to a solution of an aromatic compound is undesirable 
because of the slow dissolution of bromine, even in the presence of 
bromide, which leads to high local concentrations of bromine and the 
consequent danger of precipitation of brominated compounds around the
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undissolved bromine.
The first two methods were investigated in a differential isoperibol 
solution calorimeter which is described in Chapter 3. For method A, 
solid sodium bromate was added to an aqueous solution of phenol 
containing sodium bromide ( 0.1 mol/dm* ) and perchloric acid ( 1.0 
mol/dm* ) saturated with 2,4,6-tribromophenol. The results of these 
experiments are given in Table IV. The enthalpy of bromination of 
solid phenol was obtained with the requisite ancillary data. The heat 
released from the oxidation of bromide by bromate was calculated using 
a figure for the enthalpy of this reaction ( -206.1 kJ/mol ) (103). A 
correction was made for the formation of the tribromide ion using an 
equilibrium constant of 16 (39) for the formation of the ion in 
aqueous solution,
Br2(aq) + Br~(aq) = Br^ ~(aq) 
and a published value for the enthalpy of reaction ( -8.83 kJ/mol )
(104) . The enthalpy of bromination of aqueous phenol was then
converted to that of solid phenol using the enthalpy of solution of 
phenol in water ( +12.97 kJ/mol )(105).
Table IV. Enthalpy of tribromination of phenol by addition of sodium
bromate to 100.0 cm* of an aqueous solution of sodium bromide,
perchloric acid, saturated with 2,4,6-tribromophenol - Method A.
Weight of 
phenol/g
Bf;/* ATp/mV ATg/mV Ec/J AH^/kJ/mol
0.01265 111.0 198.48 226.96 77.75 -264.9
0.01680 101.7 204.40 223.60 95.11 -264.2
0.01588 104.6 197.28 198.40 81.56 -254.8
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For method B, solid phenol was added to a solution of bromine 
containing sodium bromide ( 0,10 mol/dm* ), perchloric acid ( 1.00 
mol/dm* ) presaturated with 2,4,6-tribromophenol. The bromine was made 
by addition of sodium bromate. In the two experiments performed, 
101.4% and 104.8% of the required bromine was used with 0.02300g and 
0.01590g respectively of phenol. The enthalpies of reaction were 
-213.8 kJ/mol and -243.4 kJ/mol. It was evident that the reaction had 
not gone to completion because the presence of 2 ,4-dibromophenol was 
easily detected, on opening the vessel, by its very strong and 
distinctive odour. It was deduced that, whilst equilibrating over­
night, bromine had been lost from the vessel leaving less than the 
required amount. The method was repeated, bromine again being made by 
addition of bromate, but this time cooling the vessel immediately to 
near equilibrium and initiation of the reaction after only one hour. 
For the first experiment, the bromide concentration was increased to
5.00 mol/dm*, but the reaction was found to be extremely slow with 
maximum temperature being reached after 20 minutes. When the 
concentration was reduced to 1.00 mol/dm*, the maximum temperature was 
reached after 5 minutes and therefore completion in about 10 minutes. 
Reduction again to 0.50 mol/dm* bromide, which should double the 
concentration of free bromine from about 5% to 10% of the total, did 
not increase the speed of reaction. It became evident later that this 
effect was due to the small excess of bromine used. The results of 
eight experiments performed are given in Table V.
A check was made on the loss of bromine from a solution in the 
calorimeter which contained sodium bromide ( 1.0 mol/dm* ) and bromine 
( total concentration 0.001 mol/dm* ), no loss being detected after 4 
hours. The check was repeated with less bromide ( 0.5 mol/dm* ) and
the same result was obtained.
It was found during the calorimetric brominations of phenol, which
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Table V. Enthalpy of tribromination of phenol by addition of phenol to
200.0 cm* of a solution containing NaBr ( 0.50 or 1.00 mol/dm* ), 
HCIO4 ( 1.00 mol/dm* ) presaturated with 2,4,6-tribromophenol, bromine 
being made beforehand by addition of sodium bromate - Method B.
Weight of Amount of Time of AT^/mV AT^/mV E^/T
phenol/g bromine max.temp. 
/mins.
AH^
/kJ/mol
1.00 mol/dm* sodium bromide
0.05050 104.05 4.7 191.36 161.60 125.25 -276.4
0.03878 104.60 5.2 150.40 145.42 110.74 -277.0
0.03992 105.40 4.2 156.80 161.12 120.50 -276.4
0.04106 105.90 4.3 156.16 142.96 106.98 -267.9
0.50 mol/dm* sodium bromide
0.04984 102.70 6.0 182.00 205.36 162.65 -272.2
0.03927 101.30 2.71 134.24 134.96 105.56 -251.6
0.04816 110.10 2.01 182.56 169.04 131.18 -276.8
0.04288 106.00 3.01 163.30 161.80 124.83 -276.6
^stirring increased from 700 to 900 rpm.
are reported in Chapter 3, that increase of the excess of bromine to 
130-150% increased the speed of reaction so that completion was 
achieved in 5 minutes even with the bromide concentration at 1.0 
mol/dm*. This speed was satisfactory for maintaining the accuracy of 
calculation of the corrected temperature change. The increase in the 
excess of bromine did not lead to the formation of the dienone, 
presumably because of the high concentrations of acid and bromide. The
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solids obtained were pure white in colour. The results in Table V were 
obtained using a 200 cm3 calorimeter vessel which allowed doubling of 
the amount of phenol from 20 to 40 mg and a consequent increase in the 
accuracy of weighing. In addition, the speed of stirring was increased 
to aid dissolution of the phenol.
Following the work related here, the measurement of enthalpies of 
bromination of phenol and aniline was performed. The final method used 
and the results obtained are given in Chapter 3.
Although method B was chosen, it was found that it was not univers­
ally applicable. A problem arose when the bromination of 2,4-dibromo- 
phenol was attempted in that this compound would not dissolve fast 
enough in the acid solution. Having found this, 2- and 4-bromophenol 
were tried, as their solubilities in water are greater. Again it was 
found that dissolution was not sufficiently fast and the reaction was 
not complete. All the corresponding anilines were found to dissolve 
fast enough and the reactions did complete. Neither 2,6-dibromophenol 
nor 2,6-dibromoaniline is sufficiently soluble in water to use this 
method. It seems that an inevitable consequence of the use of an acid 
solution is that more success will be found with basic compounds such 
as aniline, whereas hydroxy compounds will have to have, at the least, 
similar solubility in water to that of phenol.
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C H A P T E R  T H R E E  
S O L U T I O N  C A L O R I M E T R Y
Experimental
(1) Measurement of enthalpies of bromination of anilines and phenols.
Five compounds, phenol, aniline, 2-bromoaniline, 4-bromoaniline and
2 ,4-dibromoaniline were brominated in aqueous solution in an isoperi­
bol calorimeter.
Purification of the compounds —  Phenol and aniline were fractionally 
distilled at atmospheric pressure under nitrogen. In both cases water, 
the main impurity, is removed in the first fraction as an azeotrope 
with the compound. The middle fraction was collected and used for 
calorimetry. When solidified, the phenol was pure white; no purity 
check was performed other than simple melting range which was 41-42®C 
in comparison with the literature figure of 40.982®C for the pure 
compound (106). The solid was ground and loaded into small tubes in a 
dry atmosphere. Measurement of the electrical conductivity and 
ultra-violet spectrum of aniline showed (100) that there was no water 
and no oxidation products present, as for the previous distillation of 
aniline which was detailed in the last chapter. The aniline was stored 
under dry nitrogen. All three bromoanilines were recrystallised from 
petroleum ether ( b.p. 40-60®C ) and were dried following purification 
by vacuum desiccation in a nitrogen atmosphere. 4-bromoaniline, 
initially a brown solid, was recrystallised three times from the 
boiling solvent to yield pure white crystals with melting range
62.5-65®C ( literature figures 63-66®C (107)). 2,4-dibromoaniline,
melting range 78-80®C, was converted to its perchlorate salt using 
dilute perchloric acid and the salt was then dissolved in the minimum 
amount of water at 70®C. This solution was filtered to remove
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insoluble matter, mainly oxidation products, and then addition of 
sodium hydroxide to the filtrate precipitated the free aniline. The 
filtrate was cooled in ice, the solid collected by filtration and 
washed with water until the washings were no longer alkaline. The 
solid was dried and then recrystallised twice from boiling petroleum 
ether, yielding a sample of 2 ,4-dibromoaniline with melting range 
80-81°C ( literature figure 80®C (107)). 2-bromoaniline, melting point 
28®C, was also converted to the perchlorate salt and recovered as the 
free base in the same way as 2 ,4-dibromoaniline. It was recrystallised 
from petroleum ether at 20°C to give a sample with melting range
30.5-31®C ( literature figure 30-32®C (107)).
Description of the solution calorimeter —  The calorimeter used for 
measurement of enthalpies of bromination has been described fully 
elsewhere (108,109). Details of operation, maintenance, calculation of 
results and the theoretical basis of these calculations are also 
available (109). However, a short description of the important 
features of the calorimeter will now be given.
The thermostat bath, which has a 2 ft* capacity, is insulated round 
the sides and bottom by polystyrene sheets and at the surface of the 
water by polyolefin spheres. Stirring is achieved by a paddle-wheel 
driven by a 1400 rpm motor, the wheel being located in the centre of 
the bath. The bath is thermostated by a precision temperature 
controller ( Tronac Inc. model PT1040 ) and a chiller ( Grant Ltd. 
model LC 10 ). The calorimeter is based on a twin-vessel system with 
reaction and reference calorimeter vessels. These are of either 100 or 
200 cm* capacity and are of the glass Dewar-type with aluminium lids 
and collars. The solution in the vessels only contacts glass or PTFE 
parts and is stirred by glass stirring-rods, driven by constant-speed 
servo-motors. The glass ampoules, used to introduce the primary
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reactant to the solution in the reaction vessel, are made with two 
frangible bulbs. The calorimeter uses a differential thermistor bridge 
( Carwyn Instruments Ltd. model 104A ) to measure the difference in
temperature between the reaction and reference vessels. The output 
from the bridge is displayed on a potentiometric chart recorder.
Electrical calibration of the reaction vessel is achieved by passage 
of current from a constant-voltage source through a 100 ohm silicon 
chip resistor ( Tronac Inc. type R24 ) in the vessel. The voltage
across this resistor and the leads to it inside the vessel is measured 
to four significant figures using a digital voltmeter. The current 
through the circuit is measured by way of the same voltmeter, as the 
voltage across a precision 10 ohm standard resistor which is in series 
with the silicon chip resistor. A timer measuring to 0.01 seconds is 
switched on and off at the same time as the calibration current by way 
of a double-pole single-throw switch. Combination of the voltage
across the chip resistor, calibration current and time gives the
energy of calibration.
Measurement of the enthalpy of solution of solid trishydroxymethyl- 
aminomethane ( TEAM ) in 0.10 mol/dm* hydrochloric acid gave a result 
of -29.80 + 0.08 kJ/mol ( n = 8, s(x) = 0.03 kJ/mol ) using this
calorimeter compared with the literature figure of -29.77 + 0.03
kJ/mol (110,111).
Calorimetric Method —  The two-bulb stoppered ampoules were weighed 
( to O.OOOOlg ), loaded with the compound for bromination and
reweighed. With aniline, the ampoule was flushed with dry nitrogen. 
The reaction vessel was assembled with the ampoule and 200.0 cm* of a 
solution of sodium bromide ( 1.00 mol/dm* ) and perchloric acid ( 1.00 
mol/dm* ) saturated with the appropriate end-product. The vessel and
contents were allowed to equilibrate overnight. The vessel solution
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was prepared by the following method: Concentrated perchloric acid was 
diluted to 2.00 mol/dm* strength with water, check being made by
titration with standard sodium hydroxide solution against phenol- 
phthalein indicator. Dried sodium bromide ( 102.89g ) was dissolved in 
the dilute perchloric acid solution ( 500.0 cm* ) and water was added 
to make the total volume 1.000 dm*. This solution, which now contained 
the required amounts of sodium bromide and perchloric acid, was
saturated with the tribromo-compound by adding an excess of this and 
heating to 60°C. The solution was then cooled and stored at 25°C in 
the thermostat bath. For experiments where end-analysis was to be 
performed, the undissolved solid was removed by filtration immediate­
ly before loading into the vessel. Also for these experiments, a
second ampoule was used containing a weighed amount of sodium bromate. 
In the other experiments, the sodium bromate was added to the vessel 
solution through a funnel placed in the vessel lid. The amount of 
bromine, made by the reaction of the bromate with the acidic bromide 
solution, was between 130 and 150% of that required for complete 
bromination to the tribrominated stage. The vessel solution was now 
orange in colour. The solution was cooled down nearly to equilibrium 
by addition of small amounts of liquid nitrogen to the cooling tube in 
the vessel. One hour was allowed for thermal equilibration. A 20 
minute initial period was recorded, followed by breakage of the two 
bulbs of the ampoule and formation of the precipitate. The solution 
was now straw-yellow in colour. A 20 minute final period was recorded. 
The vessel was again cooled to near equilibrium and left for one hour. 
Electrical calibration was then performed in a manner analogous to the 
reaction, with similar temperature rise and length of rating periods. 
For both, the corrected temperature rise was obtained using the 
extrapolation method of Dickinson (109,112,113), and from these the 
enthalpy of reaction was calculated (109).
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End-analysis —  The amount of excess bromine was quantified as 
follows. In duplicate, a 5.00 cm* sample of supernatant was removed 
from the vessel by pipette after allowing the precipitate to settle 
for 5 minutes. This aliquot was diluted to 25.00 cm* in a volumetric 
flask with aqueous sodium bromide ( 1.00 mol/dm* )/ perchloric acid 
( 1.00 mol/dm* ). The absorbance of the solution was read at 330 nm 
against water, and the total bromine concentration ( mainly as the 
tribromide ion ) was read from the graph ( page 41 ) constructed using 
standard solutions of similar composition. A freshly made standard 
( 0.0006 mol/dm* total bromine ) was run with the samples.
The standard solutions were made as follows: Sodium bromate
( 0.18864g ) was dissolved in 100.00 cm* of water in a volumetric 
flask. Aliquots of this solution ( 1.0, 2.0 and 3.0 cm* ) were taken 
by pipette and added to 25.0 cm* volumetric flasks containing sodium 
bromide ( 2.5723g ) and perchloric acid ( 12.5 cm* of 2.00 mol/dm* ). 
The flasks were then filled to the mark with water. These solutions 
were diluted 5.00 cm* to 25.00 cm* with aqueous sodium bromide ( 1.00 
mol/dm* )/ perchloric acid ( 1.00 mol/dm* ). The absorbance of the 
solution at 330 nm was linear with total bromine concentration in this 
range.
Gravimetric analysis of the precipitate was then performed. The 
settled precipitate was mixed with the supernatant liquid. The solid 
was collected from the vessel liquid by filtration on a sintered-glass 
funnel. The vessel was rinsed with distilled water to remove acid and 
salt, the washings being passed through the filter. The solid on the 
filter was rinsed further until the washings were no longer acidic to 
pH paper. HPLC-grade methanol was used to rinse the vessel, dissolving 
any remaining solid. This and further methanol up to a total of 50cm* 
was passed through the filter to dissolve the collected precipitate 
completely. The methanol was combined in a weighed 100 cm* round-
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bottomed flask. In this way, quantitative collection of the precipi­
tate was ensured. The methanol was then removed by rotary evaporation 
under vacuum. The solid residue was dried to constant weight in a 
vacuum desiccator under nitrogen using silica gel. The flask and solid 
were weighed, and the melting range of the solid determined.
(2) Measurement of the enthalpy of solution of liquid bromine in the 
medium.
The same calorimeter was used for this measurement as for the 
enthalpies of bromination. Bromine was purified by, firstly refluxing 
the liquid ( 100cm* ) with potassium bromide ( lOg ) for 5 hours and 
secondly, following filtration to remove the potassium bromide, 
distillation from phosphorus pentoxide at atmospheric pressure through 
a six inch simple column. This procedure removes the two major
impurities, chlorine and water (114).
To allow correction for vapour-phase bromine, ampoules of known 
internal volume were used. This volume was determined by weighing the 
ampoule empty and filled with water, the density of this being taken 
as 1.000 g/cm*. The ampoule, emptied and dried, was weighed, loaded 
with bromine and reweighed. The vessel, containing 200 cm* of aqueous 
sodium bromide ( 1.00 mol/dm* )/ perchloric acid ( 1.00 mol/dm* ),
was then assembled, and left to equilibrate overnight. 20 minute
initial and final periods were recorded. The vessel was cooled back to 
near equilibrium, left for one hour and then electrical calibration 
was performed in a manner analogous to the reaction.
(3) Measurement of the enthalpy of solution of sodium bromide in 
aqueous perchloric acid.
This measurement was necessary in order to derive the enthalpy of 
formation of hydrogen bromide in the reaction medium. The indirectness
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of the route used to do this was a consequence of the high ion 
concentrations used. Other methods such as measurement of the enthalpy 
of mixing of hydrobromic acid and aqueous sodium perchlorate would 
have necessitated either construction of special apparatus or 
measurement in two concentration stages. The high density of sodium 
bromide allows use of equipment already in existence. A commercial 
solution calorimeter ( LKB 8700 ), fitted with a 25 cm* vessel was 
used and was operated according to the manufacturer's instructions.
Two grades of sodium bromide were used, one with up to 0.4% chloride 
( Analar grade, Koch-Light Ltd. ) and the other 99.9999% pure ( Gold 
Label, Aldrich Chemicals Co. ). Both were dried at 110°C and were 
stored in a desiccator over silica gel. The ampoule was weighed empty 
and filled with sodium bromide. Sufficient perchloric acid ( 1.08
mol/kg ) was placed in the vessel such that the final solution would 
be 1.00 mol/dm* in both sodium bromide and perchloric acid. Electrical 
calibration was carried out following the reaction, and cooling and 
equilibration of the vessel. Output from the calorimeter was to a 
potentiometric chart recorder. Calculation of the corrected temper­
ature rise, by the extrapolation method of Dickinson, followed the 
procedure given in the manufacturer's manual.
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Absorbance at 330 nm of a solution of bromine in aqueous 
sodium bromide ( 1.00 mol/dm® ) and perchloric acid ( 1.00 
mol/dm^ ) vs total bromine concentration.
3 0-
ABS.
2 0 -
1 0 -
0 6 0 90 3
TOTAL BROMINE x lOVmol/dm^
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Results and Calculations
(1) Uncertainties.
Confidence limits for experimental measurements given in this section 
were calculated using the Student's t distribution at the 95% level. 
Confidence limits of derived quantities were obtained by the usual 
method of summation of variances ( square root of the sum of squares 
of standard errors ). These confidence limits are also given at the 
95% level i.e. twice the standard error of the mean.
(2) Enthalpy of solution of bromine.
The results of measurements of the enthalpy of solution of liquid 
bromine in aqueous sodium bromide ( 1.00 mol/dm^ ) / perchloric acid 
( 1.00 mol/dm^ ) are given in Table VI. The ampoule volume was used to 
correct for vapour-phase bromine. The vapour pressure ( 207.7 mmHg at 
25°C (115)) gave, using a real gas equation (116), the amount of 
vapour-phase bromine under these conditions ( 1.1179x10"^ moles/cm^ ). 
The enthalpy of vaporisation of bromine ( +30.91 kJ/mol (117)) was
then used to give the heat correction.
(3) Enthalpy of formation of hydrogen bromide in aqueous sodium 
perchlorate.
The results of measurement of the enthalpy of solution of sodium 
bromide are given in Table VII. This quantity was used to calculate 
the enthalpy of hydrogen bromide in aqueous sodium perchlorate. The 
Hess's law cycle used is given below.
Recent values (27) were used for the requisite enthalpies of
formation and the result for A^H HBr(aq) was -120.92 kJ/mol 
If the enthalpy of formation and solution of sodium bromide are
replaced by the enthalpy of formation of aqueous sodium bromide, a
cross-check can be made on the enthalpies of formation used in the
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NaBr(c) + nClO^(aq).
1 .OSmolal AsolH'
■>NaC10^(aq) + HBr(aq) 
l.OOmolar l.OOmolar
AfH AfH AfHs
 ^measured quantity 
 ^ derived quantity
A^H HBr(aq) = A^ H^ NaBr(c) + A^H HClO^(aq) + Ag^^H - A^H NaClO^(aq)
calculation. More specifically, the enthalpy of formation of aqueous 
hydrogen bromide can be calculated using,
A^H HBr(aq)=A£H NaBr(aq)+A^H HClO^faqj-A^H NaClO^(aq) 
and this was performed for 1.00 mol/dm* and infinite dilutions. The 
calculation makes an assumption that there are no ion-specific 
interactions. For infinite dilution, a value for A^H HBr(aq) of 
-121.54 kJ/mol was calculated compared with the recommended value of 
-121.50 kJ/mol (27). The agreement was less good for the 1.00 mol/dm^ 
solution, the calculated value being -120.42 kJ/mol compared with the 
recommended value of -120.16 kJ/mol (27). Evidently there is some 
inconsistency in the figures at this level. Another conclusion that 
can be drawn from comparison of the calculated value of A^H HBr(aq) at
1.00 mol/dm* ( -120.42 kJ/mol ) and the same derived from the experi­
mental enthalpy of solution of sodium bromide ( -120.92 kJ/mol ), is 
that there is evidently some interaction of an exothermic nature 
between the four ions.
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(4) Enthalpies of formation of the brominated compounds.
The enthalpies of bromination were calculated after having corrected 
the weights to mass by the usual method (118) . The M factor given at
the tops of the tables of results, when multiplied by the weight of
compound taken, gives the mass. Literature values (107) of the
densities of the compounds were used in this correction to in vacuo
weight. The densities are also given at the tops of the tables.
The experimental enthalpies of bromination of phenol and aniline are 
given in Tables VIII and IX. These were used to derive the enthalpies 
of formation of their 2,4,6-tribrominated derivatives using the 
following cycle, where X=OH, NH^.
or 1) + 3Br2(aq)' "^BrgC^H2X( c ) + 3HBr(aq)
AsolBi AfH* AfH
AfH Br3CgH2X(c) = AfH C^H5X(c or 1) + SxA^^fH Br2(l) + A^H
- 3xA^H HBr(aq)
The enthalpies of formation of aniline and phenol were recent values 
(5,6). The other enthalpies were from this work.
The experimental enthalpies of bromination of 2-bromoaniline, 4- 
bromoaniline and 2,4-dibromoaniline are given in Tables X, XI and XII. 
These values were used to derive the enthalpies of formation of the
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compounds using the following cycle.
4BrgC^H2NH2 ( c ) + nHBr(aq)
AfRz
A^Hi
AsolH" AfH AfH
AfH Br3_jjC^H2+jjNH2(c) = AfH BrgC^H2NH2(c) + nxAfH HBr(aq) -  A^H
- Brz(l)
The enthalpies used in this calculation were all from this work. The 
enthalpies of formation of the five brominated compounds are collected 
in Table XIII.
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Table VI. Enthalpy of solution of bromine in aqueous sodium bromide 
( 1.00 mol/dm^ )/ perchloric acid ( 1.00 mol/dm* ).
RMM 159. 82 D25 3.10227 g/cms
Weight/g ATr A?c E^/J Amp.Vo1.. Vapour ArH ArH
/mV /mV / cm* corr . / J uncorr./J / kJ / mo ]
1.18546 75.12 90.96 70.54 1.220 0.2895 -58.2590 -7.815
1.49649 94.10 96.40 75.46 1.258 0.2679 -73.6639 -7.838
1.07317 68.40 66.48 51.56 1.323 0.3375 -53 .0464 -7.849
0.67490 44.00 49.60 38.46 1.545 0.4586 -34.1158 -7.970
0.86348 55.68 56.08 43.82 1.238 0.3318 -43.5053 -7.990
1.25056 79.76 82.96 64.43 1.291 0.3068 -61.9454 -7.877
0.88546 56.56 63.60 49.44 1.364 0.3726 -43.9651 -7.868
0.97801 62.24 60.88 47.52 1.392 0.3722 -48.5820 -7.878
AsolH = ■-7.89 + 0.05 kJ/mol
n = 8  s(x) =0.02
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Table VII. Enthalpy of solution of sodium bromide in aqueous
perchloric acid ( 1.08 mol/kg ).
RMM 102.89 D25 3.203g/cm3
Weight/g
A*c/*m E^/J Ag^fH/kJ/mol
2.04395 0.01206 0.01584 34.93 -1.340
2.33485 0.01250 0.01219 30.44 -1.3751
2.06375 0.01246 0.01185 26.44 -1.3871
1.95627 0.01228 0.01177 24.95 -1.3691
2.07394 0.01237 0.01182 26.45 -1.3731
1.97604 0.01274 0.01282 27.45 -1.4201
1.93594 0.01302 0.01288 26.95 -1.4481
1.96109 0.01307 0.01293 27.45 -1.4551
1.94444 0.01222 0.01286 26.95 -1.355
 ^NaBr ( Cl< 0.4% )
= -1.376 + 0.012 kJ/mol
n = 4 s(i) = 0.004
2 NaBr ( 99.9999% )
AsolB = -1.441 + 0.046 kJ/mol
n = 3 s i x )  = 0.011
Derived A^H HBr(aq) = -120.92 + 0.68 kJ/mol
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Table VIII. Enthalpy of bromination of phenol
RMM 94.11 DIO 1.0576 g/cm: M 1.00099
Weight/g Br^/% AT^/mV AT^/mV E^/J A^H/kJ/mol
0.04806 107 174.72 148.72 115.52 (-265.49)
0.04275A 113 159.68 143.44 111.06 -271.89
0.03776 113 138.56 134.24 104.29 -268.03
0.07067 128 ' 268.96 257.76 198.47 -275.51
0.03782 141 140.08 138.96 108.36 -271.54
0.03396 141 126.80 120.56 92.81 -270.25
0.03977B 141 148.16 145.68 112.75 -271.08
0.04308 142 143.92 126.72 97.82 (-242.45)
0.03896 142 144.80 142.08 110.33 -271.34
0.04521 142 166.08 163.44 127.10 -268.59
0.03706 151 137.04 141.52 109.65 -269.37
ArH = -270.84 + 1.70 kJ/mol
n = 9 s(x) = 0.738
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Table IX. Enthalpy of bromination of aniline.
RMM 93.13 D20 1.02173 g/cm: M 1.001024
Weight/g Br^/% AT^/mV AT^/mV Ec/J ApH/kJ/mol
0.04903 136 209.76 195.44 152.17 -309.91
0.04020 154 173.60 161.76 126.37 -313.87
0.05683 142 244.72 242.96 188.64 -311.06
0.07272 141 309.52 298.56 233.69 -309.95
0.04968 155 212.40 216.88 169.09 -310.11
0.06026 141 257.52 256.64 198.79 -307.97
0.05368A 142 229.94 231.84 181.68 -311.62
0.05300B 142 225.92 220.72 172.57 -310.06
= -310.57 ± 1.42 kJ/mol
n = 8 s(x) = 0.602
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Table X. Enthalpy of bromination of 2-bromoaniline
RMM 172.03 D20 1.578 g/cm3 M 1.00061
Weight/g Br^/% ATp/mV AT^/mV E^/J Aj.H/kJ/mol
0.11832 136 173.12 166.64 129.70 -195.79
0.08354 151 121.76 120.80 94.00 -194.99
0.13735 151 184.00 186.16 145.90 (-180.50)
0.05852 199 85.76 80.56 62.57 -195.69
0.07281 185 106.00 108.40 84.88 -195.99
0.11162A 132 164.08 167.04 129.66 -196.18
0.08838B 139 129.04 126.08 97.89 -194.89
= -195.59 ± 0.56 kJ/mol
n = 6 s (x) = 0.22
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Table XI. Enthalpy of bromination of 4-bromoaniline.
RMM 172.03 D15 -D^o 1.799 g/cm: M 1.00052
Weight/g Bx2/% ATp/mV ATg/mV E^/J Aj.H/kJ/mol
0.17282 149 251.68 248.24 195.84 -197.54
0.15096 151 219.84 221.04 172.92 -195.88
0.14360 150 210.40 205.92 160.27 -196.08
0.15494A 134 225.68 227.20 177.62 -195.79
0.17235 150 253.20 250.48 195.31 -196.97
0.17372B 132 254.48 254.48 198.00 -195.97
A^H = -196.37 ± 0.75 kJ/mol 
n = 6 s(x) = 0.29
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Table XII. Enthalpy of bromination of 2 ,4-dibromoaniline.
RMM 250.93 Dzo 2.260 g/cm* M 1.00038
Weight/g Br^/% ATp/mV AT^/mV E^/J Aj.H/kJ /mol
0.32652 150 156.16 136.24 105.79 -93.15
0.29022 152 138.24 138.32 107.12 -92.53
0.24010 154 113.92 113.76 88.63 -92.72
0.29722A 144 141.60 139.04 108.12 -92.93
0.34472 152 164.16 163.12 126.03 -92.29
0.28268B 133 132.72 152.80 119.83 -92.36
A H = -92.66 + 0.35 kJ/molr
n = 6 s i x ) = 0.14
Table XIII. Enthalpies of formation of brominated phenols and anilines
Compound Enthalpy of formation/kJ/mol
2.4.6-tribromophenol(c) 
2-bromoaniline(c) 
4-bromoaniline(c)
2 ,4-dibromoaniline(c)
2.4.6-tribromoaniline(c)
-96.8 + 2.6 
+29.4 + 2.9 
+30.1 + 2.9 
+39.5 + 2.6 
+59.8 + 2.5
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C H A P T E R  F O U R  
C O M B U S T I O N  C A L O R I M E T R Y
Experimental
The rotating-bomh calorimeter used for the combustion of 2,4,6-tri- 
bromophenol and 2,4,6-tribromoaniline, was built at the National
Physical Laboratory (121), and is now at the Department of Chemistry 
in the University of Manchester (119) . The bomb used is tantalum-lined 
with a solid tantalum head (122).
Purification of the compounds —  Initial purification of a commercial 
sample of 2,4,6-tribromophenol was effected as follows: The compound 
was dissolved in petroleum ether and subsequently precipitated as the 
ammonium salt by addition of a small excess of concentrated ammonia 
water ( D 0.88 g/cm* ). The salt, once collected by filtration, was 
dissolved in warmed aqueous methanol and precipitated as the free
phenol by addition of concentrated hydrochloric acid. The purification 
was completed by recrystallisation of the compound four times from 
boiling petroleum ether ( b.p. 40-60®C ). The final recrystallisation 
was performed in a nitrogen atmosphere and increased the purity, as 
measured by the usual fractional-melting method using a differential 
scanning calorimeter (123), from 99.8% to 99.96%. The compound was 
stored in a vacuum desiccator over silica gel in a nitrogen atmos­
phere .
2,4,6-tribromoaniline was purified by recrystallisation four times 
from boiling methanol and a final recrystallisation from boiling
dichloromethane in a nitrogen atmosphere, which increased the purity 
from 99.97% to 99.99% as assessed by the same method as the phenol. 
The compound was stored in the same manner as 2,4,6-tribromophenol.
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Preparation of solutions —  The arsenious oxide solution used in 
these measurements was made by refluxing the solid ( analar grade ) 
with distilled water until dissolution was complete, in about 2 hours. 
The solution used in the calibrations was made by addition of liquid 
bromine to arsenious oxide solution in an amount such that the final 
solution of the combustion measurements was approximated.
Preparation of the other solutions and their standardisation followed 
the usual methods (118). The arsenious oxide concentration was found 
by titration with iodine solution ( 0.0689 or 0.1013 mol/dm^ ), which 
had previously been standardised by titration with a sodium thio- 
sulphate solution ( 0.1698 mol/dm^ ). Both titrations used starch as 
indicator. The thiosulphate solution was standardised with potassium 
iodate as primary standard. The second stock solution of arsenious 
oxide was also checked by direct titration with potassium bromate 
using methyl red as indicator; the results confirmed those of the 
iodine titration. The first stock solution of arsenious oxide was 
0.1076 mol/dm* and the second 0.1025 mol/dm^.
Combustion method —  The two compounds were pelleted and the pellets 
stored in a dessicator over silica gel. A length of cotton, about 2.5 
inches, was weighed and tied to the platinum ignition wire on the bomb 
head to act as fuse. The platinum crucible was weighed empty, with the 
pellet, and finally after addition of the hydrocarbon oil. The energy 
of combustion of the oil had been measured previously (119). One 
combustion experiment was performed on it in this series of 
experiments and the result ( A^U 45971.5 J/g ) lay within the range of 
the previous set ( A^U 45969.1 to 45990.8 J/g, mean of five 45978.5 
J/g ). The crucible was placed in the gimbal ring of the bomb head. 
The cotton fuse was placed so that its end dipped into the oil, and 
the whole assembly was then checked to ensure unimpeded motion. 40.0
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cm: of arsenious oxide solution was measured into the bottom of the 
bomb from a burette. The bomb head was then turned over, with the 
crucible remaining upright, and placed on the bottom of the bomb. The 
bomb collar was screwed onto the bomb and the bomb was then 
pressurised with oxygen to 30 atmospheres. Flushing was not performed 
so that there was minimum disturbance to the contents of the bomb, 
although this entails a higher correction for nitric acid. The bomb 
was inverted carefully, reversing the movement carried out when first 
inverting the head. This ensured that the crucible remained in place. 
The bomb was placed in the calorimeter can, the rotation mechanism 
secured and the ignition system attached. A weighed amount of water 
( ca. 3960.2g ) was poured into the can and the calorimeter assembled 
in place in the thermostat bath. The can water was heated electrically 
to 23.5®C and 20 minutes was allowed for equilibration. A quartz 
thermometer ( Hewlett-Packard model HP-2804A ) was employed to measure 
the can water temperature to six significant figures with data 
acquisition on a microcomputer ( Commodore CBM ). A 20 minute initial 
period was recorded. Combustion was started by capacitor discharge 
ignition, initial and final capacitor voltages being recorded in order 
to correct for the energy of ignition. Rotation of the bomb was 
started 70 seconds after ignition, thus automatically accounting for 
the friction of rotation (124). A 25 minute main period and a 20 
minute final period were recorded. The corrected temperature rise was 
calculated by a computer program which employs the integration method 
(120) .
The calorimeter was disassembled and the bomb was vented. The bomb 
solution was then removed quantitatively, rinsing with water. The 
whole combined solution was buffered with about 22g of sodium hydrogen 
carbonate and the amount of arsenious oxide left in the solution 
determined by titration with the standard iodine solution (118). The
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whole solution was then analysed for nitrate by Devarda's method (118) 
as follows: 20 cm® of 20% aqueous sodium hydroxide and 4g of Devarda's 
alloy were added to the solution, which was then heated gently for 
about 30 minutes. The ammonia so evolved was collected in 50.0 cm: of 
0.10 mol/dm: hydrochloric acid. By this time, distillation of the 
water had begun and this was continued for about an hour to ensure 
quantitative conversion to and collection of ammonia. 50.0 cm: of 0.11 
mol/dm: sodium hydroxide was added to the hydrochloric acid solution 
and the excess alkali back-titrated with 0.10 mol/dm: hydrochloric 
acid using a mixed methyl red-bromocresol green indicator. A blank of
50.0 cm: acid and 50.0 cm: alkali was titrated in a similar manner and 
the two figures used to calculate the amount of nitrate ( as ammonia ) 
in the bomb solution. A similar procedure was carried out on the 
original arsenious oxide solution: no nitrate was detected. Where
necessary, the amount of carbon left on the crucible was determined by 
drying the crucible, cooling and weighing it; the carbon was then 
flamed off and the crucible cooled and reweighed. The loss of weight 
by the crucible was also determined and assumed to be due to reaction 
of platinum with oxygen and hydrogen bromide in the bomb (13,14).
Calibration of the calorimeter —  Calibration was carried out with 
benzoic acid ( NBS 39i ) in a similar manner to the measurements,
except that no hydrocarbon oil was used. The bomb was flushed twice 
with oxygen before pressurisation; the solution in the bomb was the 
same volume as and of approximately similar composition to that of the 
measurements. End-analysis was the same as for the measurements.
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Results and calculations
The energy equivalent of the homh was calculated from the calibration 
results by a computer program which essentially performs a Washburn 
reduction in reverse using the certificated energy of combustion of 
the benzoic acid (119,120) .
The enthalpy of combustion of the bromine compounds was calculated by 
the appropriate Washburn reduction scheme (13,14). Heat capacities of 
the compounds were calculated where not known and their energies of 
compression taken as -0.01 J/g/atm. Densities of the two compounds
were taken as, for 2,4,6-tribromophenol, 2.55 g/cm*, and for
2,4,6-tribromoaniline, 2.35 g/cm* (107). The enthalpies of combustion 
were used to derive enthalpies of formation of the two compounds 
(119,120) .
The results of calibration of the calorimeter are given in Table XIV. 
The energy of combustion of the benzoic acid ( NBS 39i ) was taken as 
26434 + 3 J/g (119). The bomb solution for the calibrations was 40.0 
cm: of aqueous arsenious oxide ( 0.0555 mol/dm: ) / arsenic oxide
( 0.0579 mol/dm: )/ hydrobromic acid ( 0.2076 mol/dm: ).
The results of the combustion experiments are given in Tables XV and 
XVI. The energy of combustion of the hydrocarbon oil was taken as 
45978.5 +3.5 J/g (119). The solution in the bomb was 40.0 cm: of
aqueous arsenious oxide ( 0.1076 or 0.1025 mol/dm: for the last two
combustions of the phenol ).
RK.B.N.e.
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Table XIV. Calibration of the rotating-bomb calorimeter.
Mass of BA/g 1.495627 1.554425 1.482939 1.481746 1.477866
Mass of fuse/g 0.003132 0.003284 0.003172 0.003376 0.002843
A^U(BA)/J -39495.4 -41058.0 -39169.8 -39138.3 -39035.8
A^U(fnse)/J -50.9 -53.3 -51.5 -54.8 -46.2
AU(HNOg)/j 18.9 18.7 19.4 18.4 18.9
AU(ign)/J 1.1 1.1 1.1 1.1 1.1
144.1 149.8 142.9 142.8 142.1
ATad/E 1.93297 2.00938 1.91701 1.91629 1.91120
AmCH^O/g 0.1 0.0 -1.0 -1.5 -0.8
E.(cont)/J/K 175.2 175.2 175.1 175.1 175.1
Ef(cont)/J/K 176.8 177.0 176.8 176.8 176.8
E(calor)/J/K 20367.7 20368.0 20372.5 20367.1 20360.8
Mean E(calor) = 20367.2 J/K 
s(i) = 1.9 J/K
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Table XV. Results of combustion of 2,4,6-tribromophenol.
Mass of compound/g 1.123696 1.282417 1.006741 1.142219 1.223423
Mass of oil/g 0.654117 0.669415 0.661096 0.644302 0.696420
Mass of fuse/g 0.003154 0.002578 0.003734 0.003152 0.003286
Am(H^O)/g -0.5 -0.2 -1.1 0.8 0.7
E.(cont)/J/K 177.9 178.0 177.9 177.9 178.1
Ef(cont)/J/X 178.3 178.2 178.4 178.2 178.4
1.94331 2.04350 1.91027 1.92866 2.07941
AU(IBP)/J -39922.9 -41983.1 -39239.3 -39632.5 -42728.9
AU(HN03)/J 54.3 58.5 61.1 59.3 64.2
AU(As20g)/J 760.5 871.2 680.7 776.2 832.2
AU(oxid.HBr)/J 218.6 250.0 195.5 222.3 238.3
AU(carbon)/J 0.0 0.0 0.0 0.0 2.0
AU(H^PtBr4)/J 0.1 0.1 0.3 0.1 0.2
AU(ign)/J 0.8 0.8 1.0 0.9 0.9
107.4 114.2 104.4 107.0 115.4
A^U(oil)/J -30075.3 -30778.7 -30396.2 -29624.0 -32020.4
A^U(fuse)/J -51.2 -41.9 —60.6 -51.2 -53.4
AgU(comp.)/J/g -8091.1 -8084.5 -8076.1 -8086.0 -8077.8
Mean A^u(comp.) = -8083.1 J/g 
s(î) = 2.7 J/g
+ 6.25 02(g) -> 6 C02(g) + 1.5 H2Û(1) + 1.5 Br2(l)
A^U(c) = -2673.9 +3.3 kJ/mol 
A^H(c) = -2674.5 +3.3 kJ/mol 
A^H(c) = -115.3 +3.4 kJ/mol
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Table XVI. Combustion experiments on 2,4,6-tribromoaniline.
Mass of compound/g 1.071994 1.118124 1.069055 1.076947 1.113979
Mass of oil/g 0.692577 0.637878 0.604397 0.643929 0.680371
Mass of fuse/g 0.002977 0.003142 0.003227 0.003200 0.003445
AmCH^O/g 0.4 -0.3 -0.4 -0.7 0.0
E^(cont)/J/K 178.0 177.9 177.8 177.9 178.0
E^(cont)/J/K 178.6 178.3 178.2 178.4 178.5
A?ad/E 2.05666 1.95623 1.85798 1.95060 2.05034
AU(IBP)/J -42258.9 -40189.6 -3 8171.1 -40071.0 -42125.1
AU(HNOg)/j 68.1 66.3 62.9 58.2 71.2
AUfAs^Og)/! 724.7 759.3 723.7 728.2 762.8
AU(oxid.HBr)/J 209.0 218.2 208.4 210.0 217.3
AU(carbon)/J 0.0 0.0 11.2 0.0 5.0
AUCH^PtBr^)/! 0.8 0.9 0.4 0.5 0.6
AU(ign)/J 0.8 0.8 0.7 0.7 0.7
109.7 105.2 99.9 104.6 109.8
A^U(oil)/J -31843.7 -29328.7 -27789.3 -29606.9 -31282.4
A^U(fase)/J -48.4 -51.0 -52.4 -52.0 -56.0
A^U(comp.)/J/g -9022.3 -9029.0 -9037.4 -9034.8 -9034.2
Mean A^U(comp. ) = -9031,.5 J/g
s(i) = 2.7 J/g
BrgCgHaNHafc) + 7 02(g) -> 6 C02(g) + 2 H20(1) + .5 N2(g) + 1.5 Br2
A^U(c) = -2978.7 + 3.3 kJ/mol 
A^H(c) = -2979.9 +3.3 kJ/mol 
A jH(c ) = +47.2 +3.4 kJ/mol
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C H A P T E R  F I V E  
T I T R A T I O N  C A L O R I M E T R Y
Experimental
Description of the calorimeter —  The calorimeter used for the titra­
tion of five phenols, phenol, 2-bromophenol, 2-methylphenol, 3-methyl- 
phenol, 2-hydroxybenzoic acid with bromine, was previously described 
in Chapter Three. The only modification was use of a different 
reaction vessel. This vessel had the same basic design as the ampoule- 
breaking reaction vessel, except for the provision of facilities for 
introduction of the titrant ( page 64 ). This was delivered from a 10 
cm: syringe, which had a glass barrel and PTFE plunger. The syringe 
was mounted on a motorised syringe unit ( Harvard Apparatus compact 
infusion pump ). A short length of 3 mm i.d. PTFE tubing ran from the 
syringe to a glass three-way tap which allowed filling and flushing of 
the titrant delivery system. A 5 metre length of 2 mm i.d. PTFE ran 
from the tap to the reaction vessel. Most of this length was mounted
on a copper cylinder which was submerged in the calorimeter thermostat
bath. This length of tubing holds about 16 cm: titrant and ensures
thermal equilibration of the titrant. The PTFE tubing connected to a 
glass tube which ran from the outside of the vessel, through a sidearm
tube angled downwards, to the inside of the vessel. This sidearm
bridged the vacuum jacket of the vessel. The titrant tube was held in 
place in the sidearm by a rubber screw seal at its top end; the seal 
prevented flooding of the vessel from the bath. The end of the titrant 
tube was drawn to a capillary ( i.d. ca. 0.5 mm ), which dipped into 
the vessel liquid.
This system was tested by measurement of the enthalpy of reaction of 
potassium chloride with silver nitrate. The titrant used was aqueous 
potassium chloride ( 1.00 mol/dm: ). 10.0 cm: of aqueous silver
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nitrate ( 0.10 mol/dm* ) was diluted in 190 cm: of water in the 
reaction vessel. The mean of three measurements of the enthalpy of 
reaction was -83.99 kJ/mol ( with a standard deviation of the mean of 
0.38 ), which, when corrected for dilutions (27), gave a result for 
the enthalpy of reaction of potassium chloride and silver nitrate at 
infinite dilution of -84.13 kJ/mol; the literature value is -84.826 
kJ/mol (125).
Thermometric titration method —  The titrant for the bromination 
reactions was an aqueous solution containing bromine ( 0.40 mol/dm: ), 
hydrobromic acid ( 0.50 mol/dm: ) and sodium bromide ( 5.00 mol/dm: ). 
This solution was prepared by mixing sodium bromide ( 45.335g ) and
10.0 cm: concentrated hydrobromic acid ( D 1.7, 60% ) in a 100 cm:
volumetric flask. Sodium bromate ( 2.0120 g ) was then added to
produce the bromine and the solution was diluted to the mark with 
water. This solution was used to fill the titrant delivery system and 
left to equilibrate overnight.
The compound for bromination was weighed ( 0.0004 moles except for 
3-methylphenol where 0.0001 moles was used ) in a small tube. The 
compound was transfered quantitatively to the vessel by washing in 
with 200 cm: of the aqueous reaction solution. This latter solution 
contained sodium bromide ( 1.00 mol/dm: )/ perchloric acid ( 1.00 
mol/dm: ) and was saturated with the appropriate end product of 
bromination in every case except for 3-methylphenol. The end-product 
here was found to have such a low solubility that saturation was 
deemed to be unnecessary. The vessel was next assembled with a rubber 
bung in the sidearm in place of the titrant tube and was left to 
equilibrate. 30 minutes before titration, the bung was replaced by the 
titrant tube. Pre-reaction was prevented by the inclusion of a small 
air bubble ( ca. 0.01 cm: ) in the capillary tip.
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The rate of titration was set so that in most cases the 3 cm: volume 
required for complete reaction was added over about 5 minutes i.e. 
0.64 cm:/min. When titrating phenol, three rates, 0.32, 0.46, 0.64
cm:/min., were tried. The 2 cm: required for 2-bromophenol was added
at 0.46 cm:/min. and the 0.75 cm: £qj. 3-methylphenol at 0.16 cm:/min.
Before starting titration, a five minute initial period was recorded. 
The sensitivity on the chart recorder was set such that the total 
deflection was less than one chart width. Titration was continued 
until 30 seconds after cooling had begun, indicating completion of the 
reaction. A 20 minute final period was then recorded. The vessel was 
cooled, left to equilibrate and electrical calibration performed.
In order to determine the thermal effect of addition of the titrant, 
blank experiments were performed in the same way as the brominations, 
using the same rates of addition. Enthalpies of bromination could then 
be calculated.
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DIAGRAM OF THE TITRATION VESSEL
Vessel lid and collarRubber and PTFE seals
Thermistor tubeTitration tube
■Vacuum jacket
Vessel solutionStirring rod
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Results and calculations
The five compounds titrated, phenol, 2-bromophenol, 2-methylphenol, 
3-methylphenol and 2-hydroxybenzoic acid, react as follows.
(a) CgHgOH -> BrC^H^OH -> BrjCgHjOH -> 2,4,6-Br3CgH20H(c)
(b) 2-BrC^n^OH -> BrgCgHgOH -> 2,4,6-Br3CgH20H(c)
(c) 2-CHgC^H^OH -> BrCH3CgH30H -> 4,6-Br2-2-CH3CgH20H(c)
(d) 3-CH^CgB^OB -> BrCH3CgH30H -> Br2CH3CgH20H ->
2.4.6-Br^-3-CH3CgHOH(c)
(e) 2-HOCgH^cOOH -> BrH0C^H3C00H -> Br2HOCgH2COOH ->
2.4.6-BrgC6H20H(c)
All reactants including bromine and all products including hydro­
bromic acid were in aqueous solution, with the exception of the final 
brominated product which was a solid in every case.
The five different reactions conformed to three different temperature 
versus time profiles as shown in the diagram ( page 69 ). Reactions 
(a), (d) and (e) conformed to profile (i), (b) to profile (ii) and (c) 
to profile (iii).
The first and second sections of profiles (i) and (iii) are linear 
and the point between these sections is distinct. The first section of 
profile (ii) is also linear. The third section of profile (i) and the 
second of profile (ii) are curved. At the start of these latter two 
sections, the rate of temperature rise decreases, then increases again 
to give a short linear section whose slope exceeds that of the 
previous sections. Finally, the rate of temperature rise decreases 
again as the reaction reaches completion. This curvature makes the 
point between these sections and the preceding ones much less 
distinct. The first and second sections of profile (ii) follow the 
pattern of the second and third of profile (i) respectively, as might
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be expected, since reaction (b) ( profile (ii) ) starts at the mono- 
brominated stage of phenol.
The traces obtained were used to calculate the enthalpies of reaction 
and also, where possible, the enthalpies of formation of the products. 
The temperature rises were converted to the total energy released in 
the usual manner, by use of the energy equivalent found in the 
calibration. The total energy released was corrected to give the 
energy released in bromination alone by using the appropriate figure 
for the cooling effect of addition of the titrant. These latter 
figures are given in Table XVII. Enthalpies of formation of the 
products were found by the same scheme as that given in Chapter Three. 
In this case, the starting aromatic compound was present in solution 
and therefore the enthalpy of solution was needed. The enthalpies of 
formation and solution of the phenols were those available in the 
literature (5,6,105,126). The remaining relevant ancillary data is to 
be found in the solution calorimeter work in Chapter Three. Since the 
technique was not designed to give as high quality results as those in 
Chapter Three, the figures for enthalpies of reaction and of formation 
of the products should be used as a guide and for comparison purposes. 
The result for the bromodecarboxylation of 2-hydroxybenzoic acid, 
which occurs in the final stage of bromination, is low as this 
reaction is slow under these conditions and was not complete. Results 
of the titrations are given in Table XVIII.
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Table XVII. Results of blank titrations: addition of an aqueous
solution of Br^ ( 0.40 mol/dm’ ), HBr ( 0.50 mol/dmS ), NaBr ( 5.00 
mol/dm® ) to 200 cm^ aqueous NaBr ( 1.00 mol/dm* ), HCIO^ ( 1,00 
mol/dm® ).
Pump setting Rate of addition/cm®/min Cooling Effect/J/sec
14 0.16 0.01313
12 0.32 0.02716
11 0.46 0.03660
10 0.64 0.04582
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Table XVIII. Enthalpies of reaction and formation derived from
thermometric titration.
Compound Rate of addition 
in soIn. /cm®/min
A^H/kJ/mol
To Br^ To B t 2 To Brg
A£H(c)/kJ/mol
Phenol 0.32
0.46 
0.64
(mean)
2-bromophenol 0.46
2-methylphenol 0.64
3-methylphenol 0.16
2-hydroxybenzoic 0.64
acid
-91.6 - -290.4
-90.4 - -288.3
-93.1 - -284.6
-91.7 - 4 -287.8
-85.0 -203.4
-93.0 -194.0
-93.4 -171.1 -288.6
-75.0 -122.9 -223.4
-1011
-159%
-131®
1 2,4,6-tribromophenol
A^H phenol(c ) = -165.0 + 0.7 kJ/mol (5,6)
AgolH phenol = +12.93 + 0.03 kJ/mol (105)
% 4,6-dibromo-2-methylphenol
A jH 2-methylphenol(c ) = -204.6 + 1.0 kJ/mol (126) 
AsolH 2-methylphenol = +13.35 +0.2 kJ/mol (126)
® 2,4,6-tribromo-3-methylphenol
A j^ H 3—methylphenol (c ) = —194.0 + 0.6 kJ/mol (126) 
Ag^^H 3-methylphenol = 13 kJ/mol (est)
 ^ Insufficiently distinct to calculate A^H
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DIAGRAM OF PROFILES FROM TITRATION OF PHENOLS WITH BROMINE
(i) phenol, 3—methylphenol, 2—hydroxybenzoic acid
(ii) 2-bromopheno1
(iii) 2-methylphenol
300-
Relative
-A_H/
kJ/mol
200-
100-
TIME / TIME FOR ADDITION OF 
ONE EQUIVALENT OF BROMINE
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C H A P T E R  S I X  
D I S C U S S I O N  O F  R E S U L T S
Titration Calorimetry 
The temperature profiles produced by titration indicate sequential 
bromination for the phenols used. Profiles (i) and (iii) show a 
distinct breakpoint corresponding to the point at which one equivalent 
of bromine has been added, i.e. when monobromination should be 
complete. The second breakpoint in profile (i) and the one in profile
(ii) are less distinct but do correspond to completion of dibromin— 
ation, two equivalents of bromine having been added in profile (i) and 
one equivalent in profile (ii). Some bench experiments were performed, 
titrating phenol with bromine, in which precipitation was observed to 
start at the point where 1.94 equivalents of bromine had been added. 
For bromination of phenol in the calorimeter, the three different 
rates of addition gave very similar results. There is a trend in the 
enthalpies of tribromination of phenol in that slower addition gives a 
higher result. This is thought to be due to a larger than expected 
slope in the final period, resulting from the slowness of bromination 
at this stage, and the continued addition of titrant with its 
associated cooling effect. These high results also lead to a more 
negative enthalpy of formation of 2,4,6-tribromophenol than that from 
the ampoule method.
This expression of the sequential nature of bromination is perhaps 
not surprising when careful consideration is made. There are three 
contributory factors which lead to the effect.
The first factor is that in the titrant solution, the bromine is 
nearly all present as the tribromide ion because of the high 
concentration of bromide. The tribromide ion is an extremely weak 
brominating agent (38). The bromine is only released as the titrant is
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point. This would lead to a decrease in the rate of temperature rise 
at the start of this section, followed by an increase as both the 
concentration of bromine ( which was formerly a rate—limiting factor ) 
and the rate of reaction increase. Finally, the rate of temperature 
rise decreases again as the concentration of brominatable phenol 
decreases towards the end of the reaction. These temperature trends 
are a result not only of changes in the rate of reaction but also of 
the consequent rate of precipitation which reinforces the trends 
produced by reaction alone.
It is possible that the mode of precipitation is not completely 
straightforward. When the precipitate first forms, it is very fine, 
but as the reaction progresses, the normal flocculent white precipi­
tate is formed.
To summarise, the thermometric titration method can be used to show 
sequential bromination in this type of compound. The technique gives 
very clear evidence for a succession of stages in the reaction. The 
enthalpies of reaction of phenol by calorimetric titration compare 
favourably with those determined by the much more accurate ampoule 
method.
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Solution calorimetric method
The development of the solution calorimetric method was given in 
Chapter 2 and the results obtained by it in Chapter 3. The method uses 
widely available materials and the apparatus used is more accessible 
than that for combustion of bromine compounds. The method is generally 
applicable to aromatic compounds which are activated to electrophilic 
substitution such as phenols and anilines, provided that dissolution 
is fast enough. The acidity of the medium means that, in general, 
bases dissolute rapidly and therefore their enthalpies of bromination 
are easily measured. However, the method could be readily adapted to 
make a measurement with the aromatic compound already dissolved; the 
bromine would then be added, most probably, dissolved in a concen­
trated aqueous bromide solution. This would involve a further 
ancillary measurement of the enthalpy of mixing of the bromine 
solution with the reaction medium. For each compound, measurement of 
the enthalpy of solution of the compound in the reaction medium would 
be necessary.
The analysis of extent of reaction, by measurement of the excess 
bromine, gave good results in trials but, when used with the reactions 
performed in the calorimeter vessel, gave disappointing results. These 
showed the extent of rection to be about 103% i.e. less bromine was 
found left at the end of the reaction than expected. In initial tests, 
it was found that, with a 0.5 or 1.0 mol/dm^ aqueous bromide, there 
was a negligible loss of bromine from the vessel solution over four 
hours, when the bromine concentration was about that found at the end 
of the reaction ( total bromine 0.001 mol/dm* ). However, when this 
was repeated with a 1.0 mol/dm^ aqueous bromide solution and a bromine 
concentration similar to that before the reaction, loss of bromine was 
found. After 30 minutes no bromine was lost, but after one hour 1.7% 
was lost and after one and a half hours 3.3%. To correct for this
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Table XIX. Results of measurement of extent of reaction for the 
calorimetric bromination experiments — bromination to the relevant 
tribromo isomer.
Compound Extent of reaction / % of expected Melting range of
excess bromine gravimetric precipitate / °C
Phenol A 101.9 
B 104.1
104.8
103.1
94-95
93-94
Aniline A 103.5 
B 104.7
100.8
101.6
121-122
121-122
2-bromoaniline A 102.3 
B 103.3
100.9
100.5
122-123
122-123
4-bromoaniline A 102.7 
B 103.0
102.5
101.0
122-123
122-123
2,4-dibromoaniline A 102.8
B 102.8
101.6
100.7
122-123
122-123
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loss, it would be necessary to reduce the figures for extent of 
reaction, as measured by excess bromine, by 3%, and thus bring them 
close to the expected 100%.
This bromine loss then appears to occur during equilibration and the 
initial period. Inevitably the vessel vapour space will contain some 
bromine. The only figure available for the vapour pressure of bromine 
above 1.0 mol/dm* aqueous bromide ( 1.7 mmHg (128)), when combined 
with the volume of the vapour space, only accounts for one tenth of 
the loss of bromine. The vessel was not hermetically sealed so that 
some bromine may have been lost to the air. The grease used for 
lubrication in the vessel may have trapped some of the bromine and a 
small amount may have reacted with the aluminium lid of the vessel.
Results of gravimetric analysis of the precipitate formed proved to 
be better for the anilines than for phenol. For the anilines, results 
were in the range 100-103% and for phenol, 103-105%. It might be 
expected that small amounts of precipitate will be lost during
recovery from the vessel. However, the techniques developed make it
easy to recover with negligible loss even with the rather awkward 
layout of the vessel. Water-washing should have removed salts from the 
precipitate and the methanol showed negligible residue on evaporation. 
Neither tribromo compound shows affinity for water, and the solids, 
when dried to constant weight, gave the expected melting ranges. The 
most likely reason for the high assays found is supersaturation of the 
solution with the tribromo compound, so that on reaction and
precipitation the excess is precipitated. The low solubilities of the 
compounds might make equilibration between solid and solute slow.
2,4,6-tribromophenol is especially susceptible to supersaturation. 4% 
of the precipitate represents about 6 mg of solid, an amount easily 
gained from the 200 cm* of solution in the vessel. Another method of 
saturation of the solution was considered in place of the heating and
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cooling method, this being synthesis of the tribromo compound in
solution. However, this would lead to the presence of bromine in the 
medium. In order to continue to analyse for excess bromine, it would 
be necessary either to analyse for the bromine already present or to 
remove it. This might be difficult without interfering with the
saturated nature of the solution. Use of unsaturated solutions has 
already been rejected because of the difficulty involved in measuring 
the enthalpies of solution of the tribromo compounds.
It is disappointing that the measurement of the extent of reaction is 
not conclusive. However, the precision of the enthalpies of bromin- 
ation is an indirect indication for completeness of the reaction. In
the reactions performed with phenol where there was a deficit of
bromine, the decrease in the enthalpy of bromination was dramatic, so
that the closeness of the results is reassuring in indicating that
bromination has occured completely to the 2 ,4,6-tribromo isomer. In
the case of phenol, further bromination, leading to the formation of
the dienone would be easily detected in the appearance of the 
precipitate.
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Comparison of the solution and combustion results 
The results of measurement of enthalpies of formation of brominated 
phenols and anilines are given in Table XX.
Table XX. Enthalpies of formation of brominated phenols and anilines 
( with the parent compounds included for comparison ), from solution 
results unless otherwise noted.
Compound Enthalpy of formation / kJ/mol
Phenol Aniline
Parent compound -165.0 + 0.7 +31.3 + 0.7
2-bromo- - +29.4 + 2.9
4-bromo- - +30.1 + 2.9
2,4-dibromo- - +39.5 +2.6
2,4,6-tribromo- —96.8 + 2.6 +59.8 + 2.5
2,4,6-tribromo- -115.3 ± 3.41 +47.2 + 3.41
2,4,6-tribromo- ca. -100% —
 ^by combustion 
 ^ derived from enthalpies of bromination ref. 83
The results show, as expected, more positive enthalpies of formation 
as the degree of bromine substitution is increased. This trend will be 
discussed fully subsequently. Attention must be given first to the 
discrepancy in the results for the tribrominated compounds, the 
combustion results being 18.5 and 12.6 kJ/mol more negative than the 
solution results for 2,4,6-tribromophenol and 2,4,6-tribromoaniline 
respectively. The major part of this discrepancy can be ascribed to 
one or more systematic errors in either one or both methods. This is 
of consequence, especially for the solution results, since the
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enthalpies of formation of the mono- and di-brominated anilines were 
derived using the enthalpy of formation of 2,4,6-tribromoaniline. The 
only cross-check with other work is derivation of the enthalpy of 
formation of 2,4,6-tribromophenol from the results of Berthelot and 
Werner (83). Their figure for the enthalpy of tribromination of 
aqueous phenol ( -287 kJ/mol ) when combined with a figure for the 
enthalpy of solution of phenol in water (105) gives the enthalpy of 
tribromination of phenol starting with the solid compound ( -274
kJ/mol ). This can be compared with the figure in this work ( -270.8 + 
1.7 kJ/mol ). The enthalpy of formation of 2,4,6-tribromophenol using 
the results of Berthelot and Werner ( -100 kJ/mol ) is much closer to 
the result from the present solution method than to that from 
combustion. However, the fact that the two solution results are about 
the same, does not exclude the possibility that the same systematic 
error occured in both since the two procedures are very similar. In 
the next section, a critical discussion of the possible sources of 
error is given.
Possible errors in the solution method — Assuming that the ancillary 
enthalpies, used in calculating the enthalpies of formation of the 
tribromo compounds from the solution method, are correct, the three 
enthalpies from this work - of tribromination, of solution of bromine 
and of formation of aqueous hydrogen bromide - could be in error. For 
the latter two enthalpies, a figure differing by 5 kJ/mol from that 
used would be necessary to account for the discrepancy in the figures 
for enthalpies of formation of the tribromo compounds. It is unlikely 
that either of these two enthalpies is wrong by this amount. This can 
be seen when the figures used in this work are compared with those 
from the literature (27). Using appropriate ancillary data ( an equil­
ibrium constant of 16 for the formation of the tribromide ion from
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bromine and bromide in aqueous solution ), the calculated enthalpy of 
solution of bromine in aqueous bromide ( 1.0 mol/dm^ ) with total 
bromine concentration 0.03 mol/dm* is -8.48 kJ/mol, compared with the 
experimental figure from this work of -7.89 + 0.05 kJ/mol. For the
enthalpy of formation of aqueous hydrogen bromide ( 1.0 mol/dm^ ), the 
literature value is -120.16 kJ/mol (27), compared with the experi­
mental value from this work of -120.92 + 0.68 kJ/mol. Half the differ­
ence between these last two figures can be ascribed to inaccuracies in 
the ancillary data used to calculate the experimental figure ( see 
Chapter Three ); the presence of perchloric acid may also make the 
experimental figure different.
The remaining possibility is, therefore, that the error lies in the 
enthalpy of tribromination. This would have to be 15 kJ/mol more 
exothermic to bring some measure of agreement between the combustion 
and solution results. The points where errors could occur are listed 
below and the likelihood of their occurence noted.
(i) The most common impurities in the starting compounds are
oxidation products and water; tests on phenol and aniline indicated
that the samples were pure and the possibility of a 5% impurity level
»
must be discounted.
(ii) Corrections were calculated for vaporisation of both phenol and 
aniline in the ampoule using published data for vapour pressures and 
enthalpies of vaporisation (129,130) but they are much too small ( 2 
J/mol ).
(iii) If the samples picked up moisture from the air whilst being 
weighed, a lower than expected value for the enthalpy of reaction 
would result purely from the weighing error so introduced. About 2.5 
mg of water would be needed to produce the observed decrease in the 
enthalpy of bromination. Under extreme conditions ( 80®F, 100%
relative humidity ), this amount of water would be found in 100 cm* of
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air (132). Under conditions closer to that experienced ( 60°F, 70%
relative humidity ), this amount of water would be found in 200 cm* of 
air. In either of these cases, a rapid uptake from a relatively large 
volume of air is required. Any weighing errors would have to be very 
consistent to give the degree of precision found in the figures for 
the enthalpy of bromination and would have to be large: no evidence 
was found for this during weighings.
(iv) The precipitation reaction might lead to some change in the 
energy of stirring in the vessel; however, this effect will lead to a 
result more exothermic than it should be, not less so. Previous work 
in this department with reactions involving precipitation e.g. of 
silver halides, indicates that changes in the energy of stirring on 
precipitation are negligible.
(v) The precipitate itself might not be in the standard state. 
Enthalpies of transition are too small to account for a 15 kJ/mol 
difference and both compounds would have to be precipitated in a non­
standard state. Bromine can complex with benzene (133) and there is 
the possibility that the tribromo compounds complex similarly, but the 
appearance in the vessel and on collection of the precipitate was as 
expected and does not support the possibility of complex formation.
(vi) Supersaturation would lead to a result more exothermic than* 
expected because of the extra enthalpy of precipitation and so does 
not account for the discrepancy.
(vii) As already mentioned, the evidence available indicates complet­
eness of bromination. The precision of the results was good. There was 
no indication in chart recorder traces of slowness at the end of the 
reaction; there was a clear ending to the reaction and a large enough 
excess of bromine as judged by experience. There was no trend in the 
results with bromine excess at the concentrations used. The results of 
analysis for extent of reaction are not consistent with an incomplete
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reaction. The increase needed in the enthalpy of bromination would 
require the third bromination stage to be only 85% complete.
(viii) An inapplicability of the assumptions used in Dickinson's
method for calculation of the corrected temperature change is
possible. The main assumptions are that the heat release is
exponential during the reaction and linear during the calibration. 
There seems no reason to expect large deviations in these cases. When 
the experimental traces were examined, it was found that it was not 
possible to assign the source of the 5% discrepancy to miscalculation.
Possible errors in the combustion method —  In order to make the 
combustion results agree with those of the solution method, a 0.5% 
( 15 kJ/mol ) more exothermic enthalpy of combustion is required. 
Again, possible sources of error are listed and the likelihood of
their occurence indicated.
(i) The purity of the tribromo compounds was assessed, as noted in 
Chapter Four, by the DSC fractional melting method; they were found to 
be 99.9% pure. The amount of water was not determined but the 
compounds were stored dry and neither has an affinity for water as 
indicated by their solubility and by their behaviour on weighing.
(ii) If the compound dissolved in the hydrocarbon oil whilst in the 
crucible, an enthalpy of combustion more exothermic than expected 
would result.
(iii) Oxidation of the compounds is a possibility and would probably 
result in poorer precision. However, the hydrocarbon oil completely 
covered the pellet whilst in the bomb.
(iv) Incomplete combustion and/or combustion to unexpected products 
is possible. There was no indication of this: in only a minority of 
experiments was carbon left on combustion and the odour of the vented 
gas from the bomb was not indicative of incomplete combustion as shown
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by experience.
(v) The lengthy nature of the analysis following combustion experi­
ments increases the chance of errors occuring. The results of
analyses, especially of the remaining arsenious oxide, do have
considerable bearing on the results of enthalpy of combustion. This 
was acknowledged during the measurements and the procedures were 
checked as thoroughly as possible. Two different arsenious oxide
solutions gave similar results and use of a different primary standard 
confirmed the analysis results. In the calibrations, there was no sign 
of loss of arsenious oxide either in the bomb or on transfer from the 
bomb or in analysis. The results of determination of nitric acid by 
Devarda's method were of the expected pattern.
(vi) The amount of bromine released in these experiments was large 
and the arsenious oxide solutions were, consequently, relatively 
concentrated. It is possible that there is some resulting in­
applicability of the ancillary data used in the Washburn correction. 
The programs used had been checked using literature data but this only 
ensures algorithmic and arithmetic correctness.
None of these possible sources of error stand out as being very 
likely. Many would lead to much poorer accuracy and precision in the 
enthalpies of formation. When a comparison is made of the precision of 
the results, those of the solution method are better. It must also be 
remembered that roughly half of the imprecision in these latter 
results was derived from the imprecision of ancillary data used in the 
calculation of the enthalpy of formation of aqueous hydrogen bromide. 
In addition to this, the solution enthalpies of bromination would have 
to have a 5% inaccuracy to make the two sets agree, whereas there 
would have to be only 0.5% inaccuracy in the enthalpy of combustion.
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Another approach is possible, in general, in the assessment of the 
reliability of enthalpies of formation, this being use of bond energy 
schemes. Comparison of the enthalpies of formation is best made with 
the figures for the gaseous state since specific intermolecular 
interactions are thereby eliminated. The enthalpies of sublimation of
2,4,6-tribromophenol and of 2,4,6-tribromoaniline have been measured 
(134), so that the enthalpies of formation of the gaseous compounds 
are available. A scheme has been offered, which expands on earlier 
work (5,12,121), for estimation of the enthalpies of formation of 
benzene derivatives in the gaseous phase (135) . This involves simple 
bond substitution. For example, for bromine compounds, the difference 
between the values of A^H®(g) of bromobenzene and benzene was taken as 
the energetic effect of replacement of any benzene ring hydrogen by 
bromine, so that for A^H® 2,4,6-tribromophenol(g), a calculated figure 
would be obtained by adding three times this difference to the value 
of A^h ® phenol(g). It was noted (135) that this scheme was 
satisfactory for di- and tri-substituted compounds. For tetra-, 
penta-, and hexa-subsitution, the scheme was not reliable even to 10 
kJ/mol. Experimental figures for tetra-substituted benzenes showed 
significant deviations from the calculated figures in 77% of cases, 
significant deviations with a positive sign in 71% and deviations 
greater than 10 kJ/mol in 47% of cases. It was noted (5) that 
electrostatic interaction between polar substituents can lead to de- 
stabilisation or stabilisation, mostly the former in aromatic com­
pounds with more than one polar substituent. The cause of destabil­
isation is mainly dipole-dipole repulsions.
The scheme was an initial study and it was noted that examination of 
other known trends in properties of benzene derivatives could provide 
a basis for refinement of the scheme. More recently, a scheme for 
chlorine compounds was published (136,137) which includes type and
84
positional interactions, but this cannot be extended to bromine
compounds because of a lack of data. The original simple scheme is 
still useful for examining trends. In Table XXI relevant figures are 
presented for comparison purposes. With regard to 2,4,6-
tribromophenol, the experimental figures show a deviation of +30 and 
+11 kJ/mol from the calculated figure for the solution and combustion 
results respectively. For 2,4,6-tribromoaniline, the corresponding 
deviations are +6 and -6 kJ/mol. Taking note of the deviations found 
for other tetra-substituted benzenes (135), where 47% showed a
deviation greater than 10 kJ/mol, the deviations for 2,4,6-tribromo­
phenol are not unexpected, and the compound is showing the degree of 
destabilisation which might be expected with tetra-substitution. For
2,4,6-tribromoaniline, the deviation then becomes unexpectedly small, 
so that there seems to be some extra stabilisation, which essentially 
cancels the destabilisation associated with tetra-substitution. It is 
not, possible, on these grounds alone, to decide whether the solution 
or combustion results are more accurate.
A difference in stabilisation of the sort suggested above should 
manifest itself in other properties of these two and other closely 
related compounds. An examination of some properties forms the next 
part of the discussion. It is more difficult to discriminate by this 
method between results which differ by only 10-20 kJ/mol. However, the 
relevant evidence will be presented and discussed.
Comparison of the substituent constants (138,139) for amino and 
hydroxyl groups can be used to shed some light on the general nature 
of the compounds. Electron-withdrawal from the benzene ring by the 
hydroxyl group by the inductive effect ( or^  = +0.27 ) is greater than 
that by the amino group ( = +0.12 ), whereas electron-donation by
the resonance effect of the amino group ( o®^ = -0.48 ) is a little
greater than that by the hydroxyl group ( o®^ = -0.44 ). However, when
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Table XXI. Experimental (6) and calculated A^H°(g) of halogenated 
aromatic compounds with deviation ( experimental - calculated ).
Compound Experimental Calculated Deviation
A^H®(g)/kJ/mol AfH®(g)/kJ/mol kJ/mol
Benzene
Chlorobenzene
Bromobenzene
1 .2-dichlorobenzene
1 .3-dichlorobenzene
1 .4-dichlorobenzene 
Hexachlorobenzene
+82.89 + 0.54 
+51.09 + 0.67 
+105.4 + 4.2 
+29.7 + 1.8  
+25.5 +2.1 
+22.2 + 1.6 
-35.5 + 9.4
[ A=-31.8 ] 
[ A=+22.5 ] 
+19.3 
+19.3 
+19.3 
-107.9
+10.4 
+6 .2 
+2.9 
+72.4
Phenol
3-chlorophenol
4-chlorophenol 
Pentachlorophenol
2.4.6-tr ibromophenol
2.4.6-tr ibromopheno1
—9 6 . 3 + 0 . 8  —
-153.3 + 8.7 -128.1
-145.8 + 8.7 -128.1
-225.5 + 3.8 -255.3
+1.2 + 2.81 . -28.8
-17.7 + 3.63 -28.8
-25.2
-17.7
+29.8
+30.0
+11.1
Aniline
2.4.6-tr ibromoaniline
2.4.6-tribromoaniline
+87.1 + 0.8 
+160.9 + 2.71 +154.6
+148.3 + 3.63 +154.6
+6.3 
-6.3
3 This work, solution method.
3 This work, combustion method.
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the ring becomes electron deficient ( to some extent the case with
bromine substitution, bromine having a net withdrawing effect or =
+0.25 ), the resonance effect of the amino group ( = -1.10 ) isK
increased far more than that of the hydroxyl group ( = -0.64 ).
These effects can be related to the greater electronegativity and 
lower polarisability of oxygen in comparison with nitrogen. An 
explanation of the difference in energetic effects in aniline and 
phenol on bromine substitution is, then, that the amino group is able 
to counteract the destabilising effect of the introduction of these 
substituents. This is possible because of the greater ability of the 
amino to donate electronic charge to the ring. In the case of the 
hydroxyl group, this effect is much less or even absent and therefore 
this destabilising effect is more fully exhibited. It was noted that, 
using an estimated enthalpy of sublimation, the A^H® of 2,4,6- 
trimethylphenol(g) was -178 + 12 kJ/mol compared with a calculated
figure of -194.7 + 1. 2 kJ/mol, a deviation of +17 + 12 kJ/mol (135). 
The methyl group overall has a small electron donating effect ( o = 
-0.15 ) and therefore a small destabilisation might be expected. 
Comparison of the deviation for this compound with that for
2,4,6-tribromophenol shows that the combustion method predicts a 
smaller deviation ( +11 kJ/mol ) and the solution method a greater one 
( +30 kJ/mol ).
One modification of the simple bond scheme was proposed (135) in that 
4 kJ/mol should be added to the calculated values of A^H®(g) for each 
pair of ortho substituents. This correction is not employed here since 
it would affect all the tribromo compounds equally ( by 8 kJ/mol ).
Some other experimental results will now be examined to see whether 
the views expressed above are supported. The first property is the 
electric dipole moments ( all measured in benzene ) associated with 
these compounds. The dipole moments of substituted anilines have been
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studied (140,141). It was found that in 4-bromoaniline the dipole 
moment had increased from 1.53D in aniline to 3.01D as compared with a
calculated value of 2.82D. The interaction moment between the amino
and bromine group was calculated as 0.20D ( along the CN axis ). In a 
similar study for phenol (142,143), it was found that the dipole 
moment of 4-bromophenol was 2.27D, in comparison with 1.54D for 
phenol, which was close to the calculated value of 2.23D. The 
interaction moment was given as 0.05D ( along the CO axis ), a quarter 
of that for the aniline compound. The dipole moment increase in
2,4,6-tribromoaniline to 1.73D from 1.53D for aniline, was attributed 
to increased resonance (140,144) . For 2,4,6-trinitroaniline, the 
dipole moment increased again to 2.90D. It was noted (144) that only 
in extreme cases, such as 2,4,6-tribromo-N,N-dimethylaniline, did 
steric inhibition of resonance occur, the dipole moment of the latter 
compound being only 1.05D. The figures for 2,4,6-trihalophenols 
(142,143) were more difficult to interpret because of hydrogen 
bonding. 2,4,6-tribromophenol has a dipole moment of 1.55D, almost 
equal to that of phenol. For 2,4,6-trichlorophenol, the moment is 
reduced from 1.54D of phenol to 1.43D. Moments were calculated for 
these two compounds allowing for hydrogen bonding (143). It was found
that the C-Hal bond moment was 1.71D for C-Cl and 1.55D for C-Br,
compared with the expected bond moments of 1.58D and 1.56D 
respectively. The observed dipole moments were explained by small 
polar changes in one of the ortho substituents brought about by 
hydro g en bond ing.
Examination can be made of the vibrational spectra of these compounds 
to see if they support the view that an enhanced resonance effect 
occurs when aniline undergoes bromine substitution. Few gas-phase 
spectra are available, but it has been noted that spectra recorded in 
tetrachloromethane show little difference from gas-phase spectra
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(145). For these purposes, in order to get a good representation of 
the changes in bond strengths, it is necessary to restrict study to 
vibrations which are not significantly coupled; this means that only 
OH and NH vibrations are really useful.
A review of frequencies and intensities in anilines and phenols is 
available (146). Intensity studies showed that for both phenol and 
aniline, the aromatic ring had increased the OH and NH bond polarities 
and increased the v ^  frequency but decreased the Vq^ frequency. 
Substitution in the benzene ring of a para nitro group further 
increased the v ^  frequency and further decreased the v q^ frequency. 
It was suggested that with the amino group there was a trend from sp* 
to sp3 N hybridisation with increasing electron-withdrawing substit­
uents which outweighs the inductive effects, but for the hydroxyl 
group the inductive effect of substituents was more important. It was 
noted that NH bonds had a lower polarity than OH bonds. These 
observations were later extended (147) . It was noted that there was no 
monotonie relationship between the stretching force constants and 
ionic or s-character of bonds, and therefore that an increase in ionic 
or s-character of an NH bond would strengthen the bond whereas the 
same change would weaken an OH bond. However, it is difficult to 
relate these changes to the strengths of other bonds in the compounds 
in question and the consequent overall energetic effect. The hybrid­
isation change explanation for the amino group was later discounted 
(148), and trends in frequencies were accounted for solely in terms of 
changes in bond polarities; support for this was offered by comparison 
of trends in benzylamines. More recently, frequencies and intensities 
of phenols and anilines were studied and it was concluded that the 
hybridisation of the amino group was affected by the nature of the 
para substituent, whereas the hybridisation of the hydroxyl group was 
not affected (149) .
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Some more specific cases will now be examined. After a series of 
studies of substituted anilines (150), changes in intensity of 
were attributed to resonance effects and deduction of HNH angles from 
the spectra suggested a change from 111.7® in aniline to 115.1® in
2,4,6-tribromoaniline. The intensities increased with increased 
resonance of the amino group because of the greater degree of re­
hybridisation during the vibration. The changes in v ^ ^ ^  frequency 
were attributed to field effects of the ortho groups. It was also 
noted that even with two ortho tertiary butyl groups, the geometry of 
the amino group seemed to maximise overlap of amino and ring orbitals: 
evidently the degree of stabilisation gained by increased resonance 
was greater than that lost by increased steric effects. Trends in v^ j^  
frequencies in para-substituted anilines (151) have been interpreted 
(152) as showing that electron-withdrawing groups strengthen the CN 
bond and increase the HNH angle, consistent with increased resonance.
Corresponding spectra for phenols are complicated by intramolecular 
hydrogen bonding. Vapour-phase spectra for phenol, and 2- and 4-
chloro- and -bromo-phenols (145) show that, for the para-substituted
compounds, v^^ and Vq^ have the same frequency and intensity as in
phenol, whereas the ortho-substituted compounds have a decreased v^g
frequency ( by 4 cm ^ ) and v^^ has an increased frequency ( by 30-40 
cmT^ ) and a decreased intensity. The trends in the ortho-substituted 
compounds must be attributed to effects other than resonance, which 
are localised. It was also noted that vapour-phase spectra of aromatic 
amines differed very little from solution spectra (145) .
OH torsional frequencies of phenols have been examined in connection 
with hydrogen bonding (153). Frequencies in 4-bromo and 4-chloro- 
phenol are 7 cmT^ less than in phenol. The spectra of the cor­
responding ortho-substituted compounds showed an increase in frequency 
of 50 cm*”^  in the free ( trans ) configuration and 90 cm ^ in the
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hydrogen bonded ( cis ) configuration. In contrast, the presence of a 
second ortho halogen substituent changed the frequency by only a few 
wavenumbers. The trend in the frequencies of cis ortho halo-compounds 
was taken as an indication of the relative strengths of hydrogen bonds
(154), which were, in solution. Cl > Br > I > F and in the
vapour-phase, F = Cl > Br > I but all strengths were in the range 5.5
- 7 kJ/mol. Earlier studies based on the temperature dependent shifts
in IR spectra had given values about twice as great. The trends to 
higher OH torsional frequency have been correlated with the downfield 
chemical shift trends of the hydroxyl proton in proton NMR spectra
(155). Recently, these proton shifts were related to q^ and qg ( as 
calculated by the CNDO/2 method )(156), but this was only performed 
for meta- and para-substituted phenols. The downfield shifts 
correlated with decreasing electron density around both the H and 0 
nuclei.
Mention must be made here of the overall energetic effect of intra­
molecular hydrogen bonding in the ortho halophenols. Although the
strengths of these hydrogen bonds have been put at less than 10
kJ/mol, the overall gain in stability in. a molecule so bonded may be 
less than this and may only offset to a small extent the unfavourable 
nature of ortho-substitution. It must be noted that, in general, there 
is little information available to allow deduction of the electronic 
effects of the ortho bromine groups; there is uncertainty as to their 
overall energetic effect in these compounds. Not only is there 
hydrogen bonding in phenols but there could also be field effects in 
both anilines and phenols. Further, there is evidence that the effect 
of two ortho bromines might be quite different from the effect of a 
single ortho bromine.
It is possible to relate trends in NMR chemical shifts to the 
electron density changes which might be expected to be associated with
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the behaviour of phenols and anilines. It must be noted that there has 
been debate about the degree of correlation between the chemical shift 
and electron density (157). Various interfering effects such as ring 
currents and magnetic anisotropy have been put forward (158,159). 
However, there still seems to be a fairly good correlation between 3sc 
NMR chemical shifts and total electron density in the benzene ring 
( as calculated by CNDO/2 etc. )(161) in spite of neglect of all these 
interferences. Further, in this case, only deviations from additivity 
of shifts (160,161,162) will be used ( indicating extra changes in 
electron density due to substituent interaction ) so that errors from 
other effects should largely cancel.
For meta-chloro- and -bromo-phenols and -anilines, little deviation 
from additivity is seen. The deviations for the para-chloro- and 
-bromo-phenols indicate that some extra polarisation of the ring 
electrons towards the halogen has occured. The trends in the corres­
ponding anilines are explained by an additional resonance effect. 
There seems to be a division of the benzene ring into two regions in 
the ortho compounds. For Cl, C2 and C3 ( Cl is ipso to the amino or 
hydroxyl group ), the changes are governed by the halogen present, but 
for C3, C4 and C5 they are governed by the group at Cl. It may be that 
these latter three carbons are subject to resonance effects of the 
amino or hydroxyl group which is generally initiated by the presence 
of a halogen at C2, whereas the effects at Cl, C2 and C6 are con­
trolled by local field and inductive effects dependent on the halogen 
present. In the 2,4,6-trichloro- and -bromo-phenols, the observed 
deviations from additivity are essentially a combination of those 
observed in the relevant mono-chloro- and -bromo-phenols. This is not 
the case with the 2,4,6-trichloro- and -bromo-anilines where there is 
a diminished deviation at Cl and an enhanced one at C4 which is con­
sistent with halogen promoted resonance of the amino group.
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It seems therefore from all the evidence that the stabilisation 
effect in 2,4,6-tribromoaniline could be explained by enhanced 
resonance on bromine substitution, which largely counteracts the
destabilisation normally associated with this substitution. The nature 
of the hydroxyl group does not allow a similar stabilisation, and the 
more or less full effect of this stabilisation is seen. If the figure 
for A^H of 2,4,6-trimethylphenol(g) is correct ( an independent study 
produced an almost identical figure, although again with a calculated 
figure for (163)), it is difficult to see why the deviation for
2,4,6-tribromophenol would be smaller, as the results of the
combustion method suggest. The results from the solution method seem 
to be more consistent with those for 2,4,6-trimethylphenol and the 
electronic effects of the substituents.
The enthalpies of formation of the gaseous chlorophenols ( given in 
Table XXI ) can be examined taking into account the findings for the 
bromine compounds. The large stabilisation for 3- and 4-chlorophenols,
suggested by the large negative deviations for these compounds, cannot
be explained, except that it could be that the electron-withdrawing 
effect for mono-substitution is not sufficient to bring about the 
destabilisation observed with tri-substitution. It must be noted that 
the precision of these figures is not great. The deviation for 
pentachlorophenol is nearer to that expected, with destabilisation 
taking place.
Mention has been made earlier of the resonance-enhancing effect of 
the nitro group. In view of this, figures for nitro-anilines and 
-phenols have been collected, and are given in Table XXII. The 
properties of the nitro group do not, however, form a simple 
amplification of those of the halogens: electron-withdrawing occurs by 
resonance and the inductive effect is greater (138,139) . The 
mononitroanilines do show greater stabilisation than the corresponding
93
Table XXII. Experimental (6) and calculated A^H® of gaseous
nitroaromatic compounds and deviations ( experimental - calculated ).
Compound Experimental Calculated Deviation
A^Ho(g)/kJ/mol AfH®(g)/kJ/mol / kJ / mo 1
Benzene +82.9 + 0.3 - -
Nitrobenzene +67.6 + 1.0 [ A=-15.3 ] -
Phenol -96.3 + 0.8 - -
2-nitrophenol -128.8 + 1.63 —Ill .6 -17.2
4-nitrophenol -117.7 + 2.03 —111.6 -6.1
2,4-dinitrophenol -128.1 + 5.2 -126.9 -1.2
2 ,6-dinitrophenol -97.8 + 5.0 -126.9 +29.1
Aniline +87.1 + 0.8 - -
2-nitroaniline +63.8 + 4.2 +71.8 —8.0
3-nitroaniline +58.5 + 1.3 +71.8 —13 .3
4-nitroaniline +59.5 + 1.3 +71.8 -12.3
2,4,6-trinitroaniline +41.4 + 3 +41.2 +0.2
3 reference 164 
3 reference 165
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phenols, except for 2-nitrophenol, the deviation of which can be 
explained by the occurence of hydrogen bonding (164), Comparison of 
the figures for the dinitrophenols gives a good example of the 
difficulties associated with prediction of properties of poly­
substituted aromatic compounds. It is possible that the deviations 
reflect the high electron-withdrawing effect of the nitro group; the 
difference between the isomers reflects the sensitivity to group 
positioning. The small deviation for 2,4,6-trinitroaniline (165) can 
be explained by the greater ability of the amino group to counteract 
the destabilisation associated with electron-withdrawing groups.
Further work
Finally, note must be made of possible future work apart from the 
resolution of the difference between the combustion and solution 
results.
First, for completeness, the enthalpies of formation of the other 
bromophenols, 2-, 4-, and 2,4-di-bromophenol, could be measured by
bromination to 2,4,6-tribromophenol. It would be necessary to use the 
modified method already mentioned, whereby a bromine solution similar 
to that used for the titrations would be introduced by way of an
ampoule to a solution of the bromophenol. For each compound, it would 
be necessary to measure the enthalpy of solution of the compound in 
the reaction medium. In addition, the enthalpy of dilution of the 
bromine solution in the reaction medium would have to be measured. The 
enthalpy of dilution when combined with the enthalpy of solution of
bromine in the reaction medium would give the enthalpy of formation of
bromine in the ampoule solution.
Some other phenols might be brominated by the original solution 
method. Success would depend on the rate of dissolution of the 
compound, and resorcinol, phloroglucinol, methyl- and amino-phenols
95
are the most promising.
Aromatic amines present greater possibilities using the original 
solution method, and compounds such as chloro- and methyl-anilines, 
whose enthalpies of formation are known, could be brominated. A 
particularly interesting line of work is bromination of N-alkyl- 
anilines. It was noted that there is evidence for steric inhibition of 
resonance in 2,4,6-tribromo-N,N-dimethylaniline (144) and measurement 
of the enthalpy of formation of this compound might give further 
evidence for this. Obviously, for all these brominated compounds, it 
would be important to measure the enthalpies of sublimation or 
vaporisation, as appropriate, in order to be able to use them in bond 
energy schemes.
Further thermometric titrations might be attempted mainly on 
bromination of phenols e.g. fluoro- and chloro-phenols. There is 
evidence that the mononitroanilines brominate sequentially (92) and 
these could be investigated.
Turning to other halogénations, difficulties might well be 
experienced. The reactive and volatile nature of chlorine makes it 
less attractive than bromine, especially in view of the susceptibility 
of phenols and anilines to oxidation. In contrast, iodination might 
prove to be too slow. In any case, there is sufficient scope in the 
bromination of phenols, anilines and other aromatic compounds 
activated towards electrophilic halogénation, to provide much new 
thermodynamic data.
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C H A P T E R  S E V E N  
S O L U T I O N  C A L O R I M E T E R  
D A T A - P R O C E S S I N G
Introduction
The aim of this section of work was to automate as much as possible 
the calculation of results from experiments performed with the 
solution calorimeter described in Chapter 3. The data is collected 
from the thermistor bridge on a microcomputer ( ACT Sirius ) by way of 
an analogue-to-digital interface. The data is simply an array of
numbers which are proportional to the bridge output voltage and there­
fore to the temperature of the reaction vessel. The programs written 
allow collection of data at a rate selected by the user, optional 
plotting of the raw data and uploading of the data to a minicomputer 
( DEC Vax 11/780 ). Here the data is checked for validity, and the 
corrected temperature rise is calculated. Combination of a pair of 
corrected temperature rises from matching reaction and calibration 
yields the enthalpy of reaction. A set of enthalpies can then be
analysed statistically to give the mean, standard deviation of the 
mean and Student's t-test 95% confidence limits. A program written for 
the microcomputer allows its use as a terminal for the minicomputer 
with facilities for graphics and up- and down-loading of disk files. 
The design of the programs has been, throughout, such that the user
needs minimal computer expertise to be able to use them without
difficulty and without loss in quality of results.
Of all of these programs, eight in all, that which calculates the 
corrected temperature rise is the most important and presented many 
problems, mainly due to the many options open in the field of 
numerical analysis. The development of the programs for the micro­
computer will be related first, then those for the minicomputer, and
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lastly that which calculates the corrected temperature rise. The 
results obtained will then be given and discussed.
Development of the programs for the microcomputer
It was originally hoped that all the processing would be performed on 
the microcomputer. The first step in this was to write a program to 
collect the data, plot it graphically and save it on diskette. The A/D 
interface was built in the department and a program already existed 
which collected from a differential scanning calorimeter. The part of 
this program which collected the dsc temperature ( as a binary coded
decimal number ) was deleted. It was also found that about half the
data-collection loop was redundant code and this was also removed. In 
order to allow plotting of the collected data on the screen, the 
graphics BASIC interpreter GWBASIC ( from Microsoft ) was used. No 
compiler was available. It was found, however, that this version of 
BASIC only allowed, at most, a collection rate of 3 readings per 
second, whereas a maximum of 10 per second was required. When the
collection loop was written in machine code, the best rate that was
obtained was 4 points per second. In comparison, the ordinary BASIC
interpreter BASIC86 ( versions from Digital Research and from
Microsoft ) allowed a rate of 18 readings per second. It was obvious 
that separate programs would be needed for collection and plotting, 
written in BASIC86 and GWBASIC respectively. Fortunately, the MS-DOS 
operating system ( from Microsoft ) has a batch processing facility. 
In effect, this means that the user need not know which program runs 
with which interpreter and can simply type, for example, COLLECT or 
PLOT at the operating system level to use the programs.
The collection program, once transfered to BASIC86, had some extra
facilities added. The user can optionally select one of seven diff­
erent collection rates ranging from 1 to 10 points per second. This
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flexibility allows coverage of fast and slow reactions. It was also 
arranged that each pair of reaction and calibration automatically 
receives its own identification number. This is important when the 
enthalpy of reaction is calculated since it prevents the use of a 
non-matching calibration and reaction pair. The data is saved on 
diskette and can be plotted using the separate GWBASIC program.
It was realised during the development of the data collection program 
that the microcomputer would be too small in terms of memory, too slow 
and have insufficient software support for the main calculations. The 
program for calculating the corrected temperature rise was already in 
preparation written in FORTRAN 77 ( Vax F77 from Digital Research ) on 
the minicomputer. In order to use the speed and extensive facilities 
of this computer, the data would have to be uploaded from the 
microcomputer. The F77 program also required the terminal used to have 
graphics capability. The work on the provision of these facilities is 
described next.
The GWBASIC interpreter has facilities for connecting the micro­
computer to another computer by way of its RS-232-C ports. An example
program was supplied which allowed use of the microcomputer as a
terminal and permitted up- and down-loading of disk files. A program 
was written, based on this example, which automatically calls and sets 
the PAD ( package assembler disassembler ) which relays signals 
between the terminal and the network. The program allows use of the
microcomputer as a graphics terminal as well as an ordinary alpha
terminal and can upload disk files and download to disk or to the 
printer. Again the slowness of this interpreter is a limitation and it 
was found that use of baud rates higher than 600 led to loss of 
information.
The use of the terminal for graphics presented some problems. The 
Tektronix standard for graphics could not reasonably be used because
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of speed difficulties. Instead, a different method was used. The 
points for plotting are received as an array of characters, there 
being four characters for each point. The characters are decoded to 
give the values of X and Y. The first two characters of an array, once 
decoded give the number of points to be sent subsequently. These are 
then received, decoded and plotted. The last XY pair ( an extra pair 
which is not plotted ) indicates the next action to be taken by the 
terminal. This action can be receipt of another array for plotting, 
placing of characters received subsequently on the screen ( e.g. 
titles ) up to the receipt of a particular control character, or 
clearing of the screen and return to normal alpha terminal mode. The 
minicomputer routine which allows plotting, waits after transmission 
of a character array until the microcomputer signals that plotting is 
complete. It was found that the microcomputer system tended to crash 
on receipt of long arrays of characters and the minicomputer routine 
was made to minimise the number of points sent for plotting, without 
losing graphical definition.
Development of the programs for the minicomputer
The uploaded data from the micrcomputer was best received using the 
DCL ( Digital Command Language ) text file creation facility CREATE. 
This is the simplest and most general method; characters are received 
from the terminal and written to disk until the receipt of a 
particular control character. The use of this facility means that 
files other than data files can be uploaded in a similar manner.
Since system parameters had to be set as well, a DCL procedure was 
written from which the three FORTRAN 77 data-processing programs are 
executed. This procedure, in addition to receiving the uploaded files 
and setting of system parameters, makes automatic file management easy 
to arrange. It is also a framework for the three programs which allows
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flexibility in alteration and updating of the programs. The data- 
processing is not completely automatic; the user needs to select the 
appropriate program at each stage, but processing in the wrong order 
or with insufficient input is prevented. This means that the 
processing need not all be carried out at once, but can be performed 
in sections.
Of the three processing programs, the two which calculate the
enthalpy of reaction and perform statistical analysis are straight­
forward and will not be described here. The development of the third, 
which calculates the corrected temperature rise from the uploaded 
data, will be described in the next section. A fourth program was 
written which simply verifies the uploaded data for correct format and 
number of items.
Development of the method to calculate the corrected temperature rise
In isoperibol calorimeters, design should be such that Newton's law 
of cooling is followed. This is important since in all cases the
observed temperature rise is corrected to that which would have been
observed if there had been no heat exchange with the surroundings i.e.
adiabatic conditions, and this correction employs the equation for 
Newtonian cooling (166) .
The method of calculation at present ( and used to derive the results
in Chapter 3 ) is Dickinson's extrapolation method (109,113). This is
essentially a method for hand calculation; extrapolation of the
initial and final periods is performed to a time t in the main
m
period. The distance between the extrapolated lines at t is the
m
corrected temperature rise. The time t^ is strictly found by equation 
of areas in the main period but in hand calculations certain assump­
tions and approximations are made to determine t^ (113). In a computer 
program this equation of areas could be performed relatively easily
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but the location of appropriate portions to extrapolate would present 
problems, especially in the final period. It is best, therefore, to 
use the basic equation
^^corr = Tf - T. + k / ( T - T„ ) dt 
directly. The other hand calculation method, the Regnault-Pfaundler
method, uses manual graphical integration by way of the mean-value
theorem (112). This integration could be performed easily in a
computer program by some sort of numerical quadrature.
The aim was development of a program which is robust and able to deal 
with a wide range of situations with regard to the input data. To 
develop the method of calculation, some test data was needed for the 
program to work on. It was not feasible at the time to use data 
collected from the calorimeter and assessment of program performance 
would have been more difficult. A program was written which imitated 
output from reaction and calibration experiments. For the reaction, 
the program simply combines Newtonian behaviour with an exponential 
release of heat. The only fixed parameter is the energy equivalent of 
the vessel which was set at 4184 J/K. Other parameters, such as 
initial temperature, speed of reaction, cooling constant, amount of 
reactant and enthalpy of reaction could be changed, leading to a wide 
range of conditions. For the calibration, the program was based
similarly, with a two-body system (167) of heater ( 1000 ohms ) and
vessel both with Newtonian cooling behaviour. Input parameters which 
could be varied included initial temperature, cooling constant, 
calibration current and duration. These two program sections outputted 
smooth temperature readings which could then be converted to
interface-type output ( integers from 0 to 4095 ) and also made noisy. 
The noise was produced by use of a random number generator which gave 
a normal distribution of numbers with standard deviation and mean ( in 
this case zero ) set by the user. In this way, the effect of different
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levels of noise on performance could be examined.
The method chosen for calculating the corrected temperature rise 
involves the determination of k and T^ (168) by linear least-squares 
fitting of the initial and final periods to Newton's law. This necess­
itates calculation of the first derivative of temperature with respect 
to time. With a temperature measuring system which is noise-free, such 
as a quartz thermometer, this presents little problem. However, the 
output from AC bridges is usually noisy which makes calculation of the 
first derivative much more difficult. It will involve the collection 
of more points, with the inevitable extra burden in calculations, with 
increased processing time and the need for more memory.
Various methods of curve-fitting to the temperature versus time graph 
and determination of the first derivative were tried. Numerical 
differentiation based on divided differences is only suitable for 
smooth data. Convolution, a method used extensively in infra-red
spectroscopy (169,170), could not fit to the long curves of the graph.
A moving linear least-squares method was used but this only gave 
results superior to the cubic spline, which will be described next, 
when the curvature of the initial and final periods was very small, 
and the cubic spline was found to be much more generally stable.
Splines are still a fairly new method of curve-fitting and have only 
been extensively developed in the last decade (171). A cubic spline 
has already been used in similar circumstances to these to fit to the
main period of a reaction (172) . The method uses the usual fitting to
a polynomial ( most often a cubic ) except that the polynomial is 
divided into sections or pieces (171) . At the positions where two 
pieces meet, called knots, continuity is maintained only to the second 
derivative. This allows much greater flexibility in the fit than for a 
single polynomial. Discontinuities in the curve to be fitted are 
easily accomodated by the use of coincident knots (173). The least-
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squares method of optimisation is most often used (171) and the values 
of the zeroth to third derivative are easily obtained for any X value. 
The main drawback with the technique is the need for the user to place 
the knots, and the goodness of fit is dependent on their positions. In 
general, knots should be placed closest together where the slope of 
the curve is changing most (173). Initially, various forms of 
automatic knot-placing were tried for fitting to the temperature 
readings, using various equations involving the approximate slope, but 
none were satisfactory. Automatic knot-positioning is very difficult 
and has rarely been attempted (174) . In the end, use was made of the 
fact that reaction and calibration curves tend to conform to their own 
distinctive shapes. Positioning of the knots was then performed by 
trial and error initially, to obtain a good fit. The experience gained 
was used to formulate generalised knot-positioning based only on the 
position of the start and peak of the main period and, in the case of 
the calibration, the duration of electrical calibration. It has been 
found that this knot-placing method gives a good fit in virtually all 
cases.
The need to examine the goodness of fit necessitated writing a 
graphics section in the program which allows plotting of temperature
versus time and also of the first derivative, dT/dt, versus temper­
ature. These two types of plot can be performed both in sections and 
over all the range. It was found that, in determining the goodness of 
fit visually, two plots should be especially noted. The first was the 
general fit of the whole temperature versus time curve to the original 
data. The second was in the plot of first derivative versus temper­
ature: when the initial and final periods are plotted on the same
graph, the two sections should show linear ( i.e. Newtonian ) 
behaviour individually and together. In the few cases where it is 
necessary, the knots can be repositioned in order to improve the fit.
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Originally a cubic spline routine supplied by NAG ( Numerical 
Algorithms Group ) was used (173). Two others were tried, one by Carl 
de Boor (171), the other from AERE (Harwell )(175). All three gave 
the same results. In the end, a routine was developed by combining an 
NPL program (176)( upon which the NAG program is based ), which 
calculates the spline coefficients, and part of the Carl de Boor 
program (171), which calculates the values of the spline from these 
coefficients. This routine made it possible to calculate the spline 
with only the temperature (Y) array. The other routines require the
time (X) array and a weighting array. The X array is replaced by the
value of the temperature sampling rate and the weights are all 
effectively unity.
As far as possible the program has been made automatic, the user only 
having to intervene at three points at most. The first, as already 
mentioned, is the very occasional repositioning of the knots. The 
other two cases are the positioning of the start and end of the main 
period. It was hoped that this would be completely automatic. However, 
this turned out to be very difficult to achieve. The equation for the 
corrected temperature rise requires that initial and final temper­
atures Tj, and T^, at times t^ and t^, are somewhere in the initial and 
final periods (166), their exact positions making no difference to the 
result of the calculation. In practice, it is best to make t^ and t^ 
the start and end of the main period. This maximises the length of the
initial and final periods and so leads to a better value for k and T^,
It also minimises the length of the main period, reducing the size of 
the integral and so decreasing the inaccuracy associated with the 
calculation of the third term in the equation. In addition, when a 
spline is used for curve-fitting, the position of the discontinuity 
( at the start of the main period ) must be found to allow correct 
positioning of knots (173). In theory, it should be easy to find the
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start and end of the main period, since at these points the temper­
ature trend ceases to be Newtonian. However, this is difficult, mainly 
because of the limited accuracy of calculation of the first deriva­
tive. For t^, a search can be made which relies on finding the break 
in the slope which makes this point distinct. Several methods were 
tried for finding t^. All these search methods are described below. 
None were found to locate the start and end of the main period 
exactly, and the user checks and can alter the position.
The search for t^ locates it to within a few points, but alteration 
is almost always necessary to ensure a good fit with the spline. 
Because the position of t^ is much less critical, alteration of the 
position is rarely necessary.
Before discussing the search methods, mention must be made of the 
linear least-squares method used in searching and throughout the 
program. It was found that use of the normal least-squares calculation 
did not tend to produce especially reliable values for M and C in
Y = MX + C. This was found mainly to be due to the need for summation
of the squares of X, which can produce a large number and so lead to 
loss of numerical accuracy. To avoid this, it was found best to scale 
the X and Y values so that they all lay between ( arbitrarily ) one 
and eight and perform the calculation on these. The true M and C 
values are easily recovered. X and Y were scaled linearly e.g.
S = TX + U, . T and U being chosen so that S always lies between the
designated limits.
The search for the start of the main period begins with an analysis 
of the first 1500 points ( equivalent to a five minute period at a 
collection rate of 5 per second ) by linear least-squares. The 
tolerance factor used in the search is set by statistical analysis of 
this line and is, specifically, the standard deviation of Y. The 
search continues point by point by the moving average method. When a
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point is encountered that is outside the tolerated limits, the next 
300 points are compared with an extrapolation of the least-squares 
line to see how many of these are within the limits. If less than a 
set proportion are inside the tolerance, then the start has been 
located; if not, then the search continues point by point. When the 
start has been found, it is checked to see if it is positioned within 
certain limits with respect to the whole curve. If it does not pass 
this check, then the data is seriously deficient and the program 
terminates, otherwise the area around the start is plotted on the 
screen so that the user can check its correctness.
The search for the end of the main period was found more difficult 
since it is much less distinct. At first, it was fixed as being at a
point twice the distance beyond the start of the main period as the
peak is. This was chosen since it was found that, with an exponential 
release of heat, the peak occurs approximately at a time when 99% of
the heat is released, so that t^ was placed, on this basis, where
99.99% of the heat had been released. This point is in most cases 
then, in the first portion of the final period. This was deemed to be 
reliable but is obviously rather arbitrary. A search analogous to that 
for the start of the main period was tried, working backwards from the 
last point, but it proved to be no better and is no less arbitrary.
Finally, a search was designed which in essence locates where the
curve deviates substantially from Newton's law. The search is similar 
to that for the start of the main period, except that the 1500 point 
search line is used to estimate the apparent value of k in that 
region, and this is compared with a value of k obtained from the last
part of the final period. The search continues backwards from the last
part towards the peak until the value of k is continually outside the 
tolerated limits over a 300 point period. Again, when this point is 
found, it is checked to see whether it is within certain limits with
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respect to the whole curve. If it is not, then the program terminates, 
otherwise the main and final periods are plotted with the position of 
the end of the main period. The user may alter the position if this is 
necessary.
Once t^ and t^ have been found, the point where the peak temperature 
occurs is located. This point is used in positioning of the knots for 
the spline. The search for the peak uses the average of 50 consecutive 
points. It finds the maximum average ( or minimum for endothermie 
processes ), where a clear peak exists. When the temperature trend in 
the final period is still upward for an exothermic process or still 
downward for an endothermie one, the 'peak' is chosen at a point where 
the temperature change becomes no greater than is expected based on 
the slope in the final period.
Following the location of the peak, the default knot positions are 
chosen, the spline is calculated and the goodness of fit examined 
graphically. Normally the fit will be adequate using the default 
positioning, but if necessary, the user can alter the positions and 
the spline is recalculated. The values of the spline function and its 
first derivative in the initial and final periods are then fitted to a 
line using least-squares, and this line is used to calculate best 
values for k and T^, The integral is then evaluated using Simpson's 
rule integration and the corrected temperature rise is calculated.
108
Algorithm for calculation of the corrected temperature rise
1. Search for the start of the main period.
2. Graphical display and optional user alteration of the start of the 
main period.
3. Search for the end of the main period.
4. Graphical display and optional user alteration of the end of the
main period.
5. Search for the temperature peak.
6. Setting of knot positions according to the start of the main 
period, temperature peak and, where appropriate, duration of 
electrical calibration.
7. Calculation of the least-squares cubic spline function and its 
first derivative.
8. Optional graphical display of the spline and original data to 
examine the goodness of fit and, where necessary, resetting
of knot positions and recalculation of the spline function.
9. Calculation of the corrected temperature rise.
(i) Linear least-squares fit of dT/dt versus T of the initial 
and final periods together,
Y = MX + C.
(ii) Calculation of the temperature at the start and end of the 
main period. . _ .
T^ = T* + ( T\ - T= )e  ^ b i^ where T^ = -C/M
and g^ = MT^ + B
Tg and g^ are calculated similarly.
(iii) Calculation of k and T^
k = < Sfc - ge )/< - ?b )
(iv) Calculation of after calculation of the integral by
Simpson's rule. ^
AT = T - X  + kf ®( T - T ) dt 
corr e b Jt, »
D
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Results and discussion
At first, the test data was used to develop the method of calculation 
of the corrected temperature rise and then to find and eliminate 
weaknesses in the calculation, so that it would be able to accept a
wide range of conditions in the input data.
The results obtained from the test data of corrected temperature 
change are presented in Table XXIII. They are given as percentages of 
the expected temperature change, which was 0.14400°C in every case. 
The results obtained using the spline for curve-fitting were obtained 
using the default knot positions: no optimisation was performed. The 
results found using a moving average linear fit to the initial and 
final periods are given for comparison. It can be seen that the latter 
method gives better results with low noise and small cooling constant, 
whereas the former gives, under these conditions, marginally poorer 
accuracy but overall is more stable. It must be noted that the method 
of data collection in use, which allows the rate of collection to be 
altered according to the speed of the reaction, means that the
curvature of the initial and final periods may vary considerably. For
example, with a slow collection rate, the curvature will tend to be
greater than that with a fast collection rate. Thus the flexibility
afforded by the spline in fitting to different curvatures is
attractive.
The test data was used to estimate the overall accuracy of the 
calculation. The results are satisfactory. For the spline curve-
fitting, the worst result differs by 0.07% from the expected, most
differing by only 0.01 or 0.02%. If a reaction and a calibration were 
both inaccurate by 0.07% and in different directions, then the
resultant enthalpy of reaction would be 0.14% inaccurate.
The program was next tested, using the final version, with the curve-
fit calculated by the cubic-spline method. Various conditions were
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Table XXIII. Results of calculation of corrected temperature rise from
test data.
Test Conditions
A T o o r r  / » of expected
Cubic Spline fit Moving average fit
Reaction Calibration Reaction Calibration
1 99.99 99.99 100.01 100.00
2 T^ = 25.000C 100.03 99.99 100.01 100.01
3 T^ = 25.020C 100.06 100.00 100.00 99.99
4 23s React., 50s Calib. 100.01 100.00 100.01 99.99
5 as 4 but T^ = 25.02°C 100.01 99.99 100.01 100.01
6 k = 0.00056 sec'l 99.99 100.01 100.00 100.08
7 noise = 0.003*C 99.98 99.93 99.89 100.10
8 endothermie reaction 99.97 - 100.01 -
200s calibration - 99.98 - 100.00
Unless otherwise stated the conditions for the! test data were : T
24.98®C, 25.00°C, k 0.00014 sec noise standard deviation
0.00015°C, 99.0% exothermic reaction after 230 seconds or calibration
time 100 seconds. See also page 114.
used and the reaction and calibration corrected temperature rises
combined to give the enthalpy of reaction. Default knot-placement was
used. Results are given in Table XXIV; the expected enthalpy of
reaction was -30.125 kJ/mol. Test 1 was repeated 5 times with the
noise standard deviation 20 times greater ( 0.003®C ). The confidence 
limits of these tests were 10 times those given in Table XXIV.
The program needs certain experimental conditions to be observed.
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These are that the initial and final periods should be at least five
and ten minutes in length when the collection rate is 5 per second,
which is the default rate. Apart from this, experience with the test
data suggests following of other experimental conditions will optimise
the accuracy of the calculation of the corrected temperature rise. 
Again, this concerns the initial and final periods. These conditions 
are that the initial and final periods should be as long as possible
and cover as great a temperature range as possible. However, the main
period must also have sufficient points to define it properly.
The next stage was to use data from the calorimeter in place of the 
test data. It was hoped that the interface and chart recorder would be 
used together so that direct comparison of an experiment would be 
possible. Unfortunately, although the interface had been designed to 
allow this, when it was first tried some interference occured which 
could not immediately be remedied and separate experiments had to be 
performed. When two calibrations were tried the results differed by 1% 
and in different directions. Results are given in Table XXV. It was 
noticed that in the initial period of both calibrations when dT/dt 
was plotted against T in the graphics section of the program, the data
did not conform to Newton's law. The slope of the plot in these
sections was positive when it should have been negative. When the 
initial period temperatures were plotted against time, the slope at 
the end of the period was greater than expected. The reasons for this 
and for the disagreement between the calibrations can only be guessed. 
Work would have been continued but reorganisation in the department 
prevented this. However, there is no reason to doubt that, given data 
which conforms to Newton's law, the program gives good results. The 
design of the calorimeter and its operation should ensure that this is 
so, and the bridge and interface should not distort the temperature 
readings.
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Table XXIV. Results of calculation of the enthalpy of reaction from 
test data.
Test Conditions A^H / kJ/mol
2 T^ = 25.00OC
3 T^ = 25.0200
4 Fast temperature change
5 Slow temperature change
6 k = 0.00056 sec ^
7 T^ = 24.85600
8 T = 24.8000
a
-30.124
-30.135
-30.129
-30.129
-30.121
-30.133
-30.129
-30.132
-30.119
-30.117
A^H = -30.127 kJ/mol + 0.014
n = 10 s(x) = 0.006
Table XXV. Results of electrical calibrations on the solution 
calorimeter.
Method of Voltage Current Time
calculation /volts /amperes /seconds
AT^/mV Response 
/mV/J
Program
Hand
9.953 0.09735
9.953 0.09733
132.42 155.14 1.209
145.46 168.96 1.199
Program
Hand
9.962 0.09745
9.961 0.09743
120.18 139.73 1.198
117.26 137.98 1.212
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